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FOREWORD

Man and his environment must be protected from the adverse effects
of pesticides, radiation, noise, and other forms of pollution, and
the unwise management of solid waste. Efforts to protect the
environment require a focus that recognizes the interplay between
the components of our physical environment--air, water, and land.
The Municipal Envircnmental Research Laboratory contributes to this
multidisciplinary focus through programs engaged in

® studies on the effects of environmental contaminants
on the biosphere, and

L a search for ways to prevent contamination and to
recycle valuable resources.

The deleterious effects of storm and combined sewer overflows upon
the nation's waterways have become of increasing concern in recent
times., Efforts to alleviate the problem depend upon accurate
characterization of these flows in both a quantity and quality sense.
This report presents a state-of-the-art survey of flow measuring
devices and techniques that elther are, or might be, appropriate for
the quantitative measurement of stormwater and combined sewer flows
as well as other wastewater discharges, and will be of interest to
those who have a requirement for the measurement of such flows.
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ABSTRACT

A brief review of the characteristics of storm and combined sewer
flows is given, followed by a general discussion of the need for
such flow measurement, the types of flow data required, and the

time element In flow data. A discussion of desirable flow meas-
uring equipment characteristics presents both equipment regquirements
as well as desirable features and includes an equipment evaluation
sheet that can be used for a particular applicationm,

A compendium of over 70 different generic types of primary flow
measurement devices, arranged according to the fundamental physical
principles involved, is presented along with evaluations as to their
suitabllity for measurement of storm or combined sewer flows. To
illustrate the implementation of the physical principles, a number

of commerclally-available devices for flow measurement are briefly
described.

A review of selected U.S. Environmental Protection Agency project
experience Iin flow measurement 1z presented along with a summary of
current and on-going research efforts. Some thoughts on future areas
of research and development are alsc given. Thls report was submitted
in fulfillment of Contract Number 68~03-0426 under the sponsorship of
the Office of Research and Development, U.S. Environmental Protectiom
Agency. Work was completed in December 1974,
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SECTION I

CONCLUSTIONS

A flowmeter is one tool of several that must be employed for the
characterization of a wastewater stream. Its selection must be
based upon consideration of the overall flow measurement-program
to be undertaken, the nature of the flows to be measured, the
physical characteristics of the flow measurement sites, and the
degree of accuracy required, among other factors.

In view of the large number of highly wvariable parametexs asso-
clated with the storm and combined sewer application, no single
flowmeter can exist that 1s universally applicable with equal
efflcacy. Some requirements are conflicting, e.g., an open drain-
age ditch versus a closed condult deep underground, and a careful
series of trade-off studies is required in order to arrive at a
"best" selection for a particular program and site.

There are over 70 generic devices and methods that can be used for
determining wastewater flows, and they were reviewed and discussed.

The proper selection of flow measurement sites can be as Important
as the selectlon of methods and equipment. A clear umderstanding

"of the data requirements and ultimate use 1s necessary, as is a

familiarity ‘with the sewer system to be examined.

0f the over 120 prospective manufacturers of liquid flow measuring
equipment which were contacted, none has a flow measurement product
line that is specifically designed for the storm and combined sewer
application.

Where large flows are to be measured with fairly high accuracy,
considerable expense 1n terms of initisl equipment cost, site
preparation and installation, and operator tralning and maintenance
is involved; fifty to one hundred thousand dollars should not be
consldered atypical.

There are measurement sites where no presently available equipment
can operate unattended for long at a high degree of accuracy
{better than *5% of full scale).

The most consistently reliable flow measurement data have been
taken at sites where the equipment has been calibrated in place
over the entire range of flows anticipated.




10.

11.

Fleld experience in wastewater flow measurement was reviewed, and
in most instances errors of greater than 10% seem to be the rule.
It ie mot at all uncommon to find readings that differ from spot
field checks by from 50 to 200 percent. Some wastewater dis-
charge data are of such poor quallty as to be virtually useless.

Flow measurement research efforts within the United States were
reviewed. Very few of those outside the USEPA are addressed to
the storm and combined sewer problem as presented here, and it
would appear that few, 1f any, that are not so oriented will pro-
duce technology fall-outs that will benefit the solution of the
problem at hand.

The technological state-of-the-art, especially in electronics,
is advancing very rapldly at the present time, and capabilities
are emerging that until now were either impossible or prohibi-
tively expensive., Examples include Improved pressure sensors,
solid state and iIntegrated circultry advances (and price reduc-
tions) that facilitate contrel and computational functions,
quartz crystal timers that offer accuracy improvements measured
in orders of magnitude, improvements in electronic recorders,
etc. As a result, both new products and improvements to old
cnes are continually appearing.



SECTION II

RECOMMENDATIONS

It 1s recommended that flow measurement accuracy requlrements be

very carefully consldered with an eye to optimizing the accuracy

of determination of total pollutant discharge. Very high accura-
cles over very wlde ranges may not be necessary for all purposes

and will certainly be expensive to achileve.

Where possible, it is recommended that flow measurement equipment
be calibrated in place at the site where the data are to be col-
lected. Maintenance should be performed such that conditions do
not deviate greatly from those at the time of calibration.

Use and maintenance of complex, sophisticated flow measurement
equipment should not be entrusted to well-meaning but untrained
personnel. Proper training of operator personnel is recommended
as it will produce long-term benefits.

It is recommended that the flow measurement site be chosen with
great care. It can be as poor an error in judgement to choose a
site that will not yield the desired data simply because of equip-
ment availlabdility as it is to attempt to apply the wrong equipment
at a site that 1s truly lmportant.

In view of the lmmediate requirements for storm and combined sewer
discharge data for surveys, computer model calibration and verl-
fication, infiltration/inflow studies, and the like, the most
urgent need is for suitable portable devices that are capable of
mattended operation. It 1s strongly recommended that a program
to develop such devices be initiated with special emphasis on:

* Automated Chemical Dilution Devices
» Ultrasonic Devices
* Hybrid Flumes

There has been very little opportunity to evaluate flow measure-
ment equipment sultable for storm and combined sewer applications
in a side-by-side fashion under somewhat controlled conditiomns.
It is strongly recommended that a suitable facility be ildentified
and used to gather comparative data with emphasis on the more
promising portable devices.




There are a number of flow measurement devices that have either
recently become availlable or are about to be introduced and that
offer considerable promise in a storm and combined sewer applica-—
tion. It is recommended that a program of demonstration testing
be iInitiated to Iinclude such devices as:

+  Venturl Meter/Flumes
* Combination Thermal Flowmeters
* High Range Open Flow Nozzles

This study was essentially limited to developments and practices
within the United States. It 1s recommended that a survey of
forelgn research and development actiwvities and storm and combined
sewer flow measurement practices be conducted.

Because of the burgeoning nature of the present state of the art
and increasing concern over environmental contamination caused by
storm and combined sewer discharges, this report should not be
considered a final, enduring document. It is recommended that it
be expanded and updated within two years.



SECTION III

INTRODUCTION

Since almost the beginning of civilization, man has recognized the need
to determine liquid flow rates, quantities, or stages, and his first
efforts were probably directed towards survival during floods and trans-
portation by water craft. Demands for water supply, lrrigation, navi-
gation, and waterpower all accentuated the need for flow measurement.

It is known that the ancient Babylonlans and Egyptians used some means
of water accounting to individual land holders from thelr extensive
lrrigation systems. The procedures used were possibly taken from
methods used earlier in eastern Agia,

The River Nile of Egypt has probably been studied for a longer period

of time than any other river in the world. The crops of the Nile Valley
are dependent upon annual flooding by the river, and thus, annual yilelds
are proportional to fluctuation In stage. In view of this, taxes were
levied based upon maximum flood height. An interesting compilation of
data concerning flood records of the Nile has been prepared by Jarvis (1).
Mention of the annual rises of the Nile date back to between 3000 and
3500 B.C., and known flood marks extend as far back as approximately

1800 B.C.

One of the most complete records of early flow measurement systems is
that by Sextus Julius Frontinus (2), who was the Water Commissioner of
Rome in the latter part of the first century. The quantity of water
delivered to each user in the Roman system was determined entirely on
the area of spouts through which the flow was discharged; thus, these
could be considered as early forms of flow nozzles.

The earliest attempts at flow veloclty measurement were undoubtedly
made by timing the travel of floatding debris over some measured dis-
tance. Hero of Alexandria's proposal, which was written about 62 A.D.,
called for using a sun dial for timing his operation. In the 15th Cen-
tury, Leonardo da Vinci offered an improvement by attaching an inflated
pig's bladder to one end of a pole and 2 stone to the other, thus
achieving an integrating float of sorts. Frazler (3) provides an in-
teresting account of a physician's plan for a deflection water current
meter, circa 1610. In the middle of the 17th Century, Evangelista
Torricelll developed the relation that the rate at which water was dis-
charged from an orifice variled with the square root of the height of
the water surface in the supply tank. Subsequent improvements in the
state of the art included Henri Pitot's impact tube developed in 1732,
Reinhard Woltman's propeller-type current meter invented around 1790,




and the work of Giovannli Venturi on the relations between the wvelocities
and pressures of fluilds flowing through converging and diverpging tubes
reported in 1797.

The history of improvements in flow measurement devices/techniques is
far too extensive to be reported here. The reader iInterested in the
subject is referred to some of the selected additional references
listed in Section XI. It suffices to say that today we have a plethora
of liquid flow measurement devices and techniques avallable, and it is
to them that the remainder of this report will be directed.

PURPOSE AND SCOPE

Among man's first waterworks projects were aqueducts to convey water
Into his cities for consumption and sewers to collect and dispose of
nuisance stormwater. As early urbanlzation continued, these first
storm draims also became the transport media for domestic wastewater
and, in effect, the first combined sewers. Tor convenience and expe-
diency, these sewers gsimply emptied into the nearest natural water-
course, As urbanization continued, the dry-weather flow in these
sewers became a public nulsance, and wastewater treatment was borm.
Sanitary engineering practices and procedures were developed, all
based upon characterizing and treating this dry-weather or sanitary
sewage flow. The construction of separate storm and sanitary sewer
systems In many citles was merely an extension of this trend. The
pollutional characteristics of stormwater were unrecognized, and it
continued to be simply discharged into the nearest natural stream.

The phenomenal growth of urban areas in recent times and the rapid ex-
panslon of industrial operations to meet soclety's ever increasing
demands for more goods, energy, etc., have helghtened the pollutional
potential of man's existence and have contributed to his increasing
awareness of and concern for his enviromment. One of the impacts of
the population explosion is that sanitary engineering practices that
appeared tolerable even as recently as a few decades ago are no longer
acceptable today in many locales. The pollutional effects of storm
water and combined sewer overflows on recelving water quality are be-
coming less and less tolerable and a research program to mitigate or
ameliorate the situatlon has been underway at the USEPA (and its
predecessor agencies) for the last several years.

In order to characterize these stormwater and combined sewer overflows
and to facilitate the development, demonstration, and evaluation of
treatment and control systems for combating the problem, it 1s neces-
sary to have available accurate and reliable means of determining the
quantity and quality of the flows in question. Both the quantity’ and
quality of urban stormwater runoff are highly variable and transient



in nature, belng dependent upon meteorological and climatological fac—
tore, topography, hydraulic characteristics of the surface and sub-
surface condults, the nature of the antecedent period, and the land use
activities and housekeeping practices employed. Conventional flow meas-—
urement devices and techniques have been developed mainly for the rela-
tively steady~-state flows as found in irrigation canals, sanitary sewers,
and large streams and not for the highly varying surges encountered in
storm and combined sewers.

This report is iIntended™to present a current review of the state of the
art and assessment of flow measurement devices and techniques. These
are described and evaluated in terms of their suitgbllity for use in
storm and combined sewer applications. However, a device or technique
which 18 suitable for such use will most 1likely suffice for any other
wastewater flow measurement application as well. By collecting and
presenting such a review, it 1s hoped that shortcomings and limitations
of some extant devices and techniques for storm and combined sewer ap-
plications can be overcome and that this report can serve as a spring-
board for improvements.

GENERAI, NATURE OF STORM AND COMBINED SEWER FLOWS

Storm Sewer Flows

Although storm sewers are basically designed to carry storm runoff,
during periods of no rainfall they often carry a small but significant
flow (dry weather flow). This may be flow from ground water, or 'base
flow", which gains access to the sewer from unpaved stream courses.
Such base flow may appear as runoff from parks or from suburban areas
where there are open drains leading to the storm sewer. Unfortunately,
much of the dry weather flow in storm sewers 1s composed of domestic
sewage or industrial wastes or both. Where municipal ordinances con-
cerning connections to sewers are lax or are not rigidly enforced, it
appears reasonably certain that unauthorized connections to storm sew-
ers will appear. In some cases, the runoff from septic tanks 1s carried
to them. Connections for the discharge of swimming pools, foundation
drains, sump pumps, cooling water, and pretreated industrial process
water to storm sewers are permitted in many municipalities and con-
tribute to flow during periods of no rainfall. In some areas, sewers
classed as storm sewers are, in fact, sanitary or industrial waste
sewers due to the unauthorized or inappropriate connections made to
them. This may become so aggravated that a continuous flow of sanitary
or industrial wastes, or both, flows into the recelving stream.

The "dry-weather" portion of storm sewer flow may vary significantly
with time. Probably the most steady flow, and constant character of
pollutants therein, occurs in storm sewers when all flow 1s base flow




derived from ground water. Because of the slow movement of water
through the ground, changes in flow and concentration of pollutants
occur only during relatively long time periods. Where unauthorized
connectlons of domestic sewage and industrial waste lines to storm sew-
ers are found, rapid fluctuatlons with time may occur. The domestic
sewage constituent varies with time of day, with season of year, and
probably over long-term periods. Industrial wastes vary with specific
processes and industries. Very rapid changes may occur with plant
shift changes and with process dynamics. Conditilons on weekends and
hollidays may be very different from those on regular werk days.

Storm runoff is the excess rainfall which runs off the ground surface
after losses resulting from infiltratdion to ground water, evaporation,
transpiration by vegetation, and ponding occur. A small portion of
the rainfall is held in depression storage, resulting from small ir—
regularities in the land surface. The quantity, or rate of flow, of
storm runoff varies with intensity, duration, and areal distribution
of rainfall; character of the soil and plant life; season of the year;
slze, shape and slope of the drainage basin; and other factors. Ground
seepage loss varies during the storm, becoming less as the ground ab-
sorbs the water. The period of time since the previous, or antecedeant,
ralnfall significantly affects the storm rumoff.

In general, storm runoff i1s iIntermittent in accordance with the rain-
fall pattern for the area. It is also highly variable from storm to
storm and during a particular storm. The time-discharge relationship,
or hydrograph, of a typical storm, with its synchronous time-
precipitation relationship, or hyetograph, 1s 11lustrated in Figure 1.
The meanings of various parameters given in the figure are:

R - Rainfall retained on the permeable portion of the
P drainage basin, and not available for runoff.
Pe —~ Preclpitation in excess of that infiltrated into

the ground, plus that retained on the surface.
Equals the volume of flood runoff.

F ~ Average infiltration of the ground during the
storm. Infiltration capacity decreases as the
storm progresses,

Tr - Perlod of rise from the beginning of storm runoff
to peak of the hydrograph.
Tp - Time from center of gravity of rainfall excess

to the hydrograph peak (lag time).
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bl,b2 - Base line separating groundwater discharge from
surface runoff,

The total volume of runoff for a particular storm is represented by the
areas between the base line and the hydrograph.

To illustrate some of the problems in measuring storm runeoff in small
basins, peak flows exceeding 85 cubilc meters per second per 260 hectares
(3,000 ecfs per square mile) have been observed. Lag times (tp), for

example, of 15 minutes to a hydrograph peak of about 28 cubic meters per
second (1000 cfs) from a 600-hectare (2.3 sq ml) area are not uncommon.
With rapid changes in the flow such as this, only those flow measure-
ment methods which are responsive to such changes can be used. The
high rates of flow, with accompanying high velocities, further limit

the usable flow measuring equipment methods.

The maximum rate of flow in an underground storm sewer 1s governed by
1ts design capacity. This capacity is based on the flow due to a storm
occurring, on the average, once in a selected number of years (recur-
rence interval). Usually, a recurrence interval not greater than

10 years 1s selected for the design of underground storm sewers. As

a result, the design capacity of the sewer 1s sometimes exceeded, re-
sulting in surcharging and flooding of the overlying surface. Under
these conditions, measurement of surface flow must be added to meas-
urement of surcharged flow in the sewer to obtain total flow.

The poor quality of stormwater draining from the urban environment has
a significant effect on the choice of suitable flow measurement equip-
ment and methods. Washings from the sidewalks, streets, alleys, and
catch basins are a part of the runoff and include significant amounts
of human and animal refuse. In Industrial areas, chemlcals, fertilizers,
coal, ores, and other products are stockplled exposed to rainfall, so
that a significant quantity of these materials appears in the runoff,
Extreme quantities of organic materials such as leaves and grass cut-
tings often appear in storm sewers. Often during storms large boards,
limba, rocks, and every imaginable kind of debris appear 1n the Sewers,
probably as a result of breaks in the sewers or accessory equipment
designed to screen out the larger items.

Observation and experlence have demonstrated that the heaviest con-
centration of suspended solids during periods of storm runoff usually
occurs during the early part of the storm. At this time, the stage
is rising, and accumulated dry-weather solid residue 1s belng flushed
from the sewers and washed and eroded from the tributary land areas,
As runoff recedes, the sewer and land area surfaces exposed to flow
are reduced; the flow velocities which serve to flush and erode are
decreased; and the more easily dislodged solids have been acted upom.
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This pattern of variation may not cccur during a period of storm run-
off which immediately follows a previous storm runoff period because
the land surface and sewer lines are relatively clean.

Pollutants which may be injurious to equipment, and are derived from
point sources such as those from stockpile drainage, vary at the
sampling location with time of travel from the source to the point of
observation. Maximum concentration may occur after the peak of storm
runcff. Tt is concelvable that there would be no coantribution from
some point sources during a specific storm because of areal variationm
of rainfall in the basin.

Both velocity and the concentration of suspended solids in storm sew-
ers vary with position iIn the gsewer cross—-section. The manner in which
velocity is distributed In the sewer section seriously affects those
flow measurement methods which require independent determination of
average velocity. Some typical velocity profiles are shown in Figure 2.
With open~channel flow, higher velocities are usually found near the
surface and lower velocities near the bottom. Average velocity in the
vertical 1s at about 0.6 depth. Velocities are higher near the center
of the pipe or condult than near the outer boundaries. When the conduilt
is surcharged and is flowing full, lines of equal velocity tend to be
concentric, with the higher velocity near the center. On horizental
curves, higher velocities are on the outside of the curve due to the
centrifugal inertia force. Because the effect of curvature on flow
often continues downstream for a considerable distance, a normal dis-
tribution of velocity is not found on a curve, or downstream for a
distance of several sewer widths,

Suspended solids heavier than water have their lowest concentration
near the surface, and the concentratlon increases with depth. A "bed
load", composed almost entirely of heavier solids, may occur near the
bottom of the sewer. This may "slide" along the bottom or, with in-
sufficient flow velocity, may rest on the bottom. As the velocity and
turbulence increase, the "bed locad" may be picked up and suspended in
the sewage. At the beginning of storm runoff, as water picks up solids
which have accumulated in the sewer upstream during perilods of no rain-
fall, the flow may be composed largely of secwage solids, or bed load,
which appears to be pushed ahead by the water.

Suspended materials 1ighter than water, such as oils and grease, fleoat
on the surface - as do leaves, limbs, boards, and some cloth and paper
materialse. Other small, light particles are moved randomly within the
flow by turbulence. Larger, heavier suspended and floating solilds

tend to move to the outside of a horizontal curve, following the stream
lines of higher velocity.

i1




R =

5 _

LAMINAR TURBULENT

a) FULL PIPE FLOWING UNDER PRESSURE

1Ah)

Lm r

o

b) SOME OPEN CHANNEL FLOW PROFILES

Figure 2. Typilcal Vertical Velocity Profiles

12



Combined Sewer Flows

Combined sewers are designed to carry both stormwater and ganitary
sewage and/or industrial wastes. Therefore, except for thelr sanitary
and industrial sewage components (dry-weather flow), they have the same
flow characteristics as storm sewers. As Indlcated earlier, where mu-
nicipal ordinances sre lax or not enforced with respect to sanitary or
industrial sewer connections to them, storm sewers are little different
from combined sewers. As combined sewers are deslgned, dry-weather
flow generally includes only a small portion of the total sewer flow.
However, due to overloading in many rapidly developing areas, the dry-
weather flow sometimes requlres a much larger percentage of total
capacity., Furthermore, stormwater runoff usually increases dramatically
with urbanization.

Because the design, or avallable, capacity of combined sewers for car-
rying stormwater is probsbly less than is usually provided in storm
sewers, they elther become surcharged more frequently, or the excess
flow is diverted to overflow lines.

NEED FOR FLOW MEASUREMENT

Measurements of quantity of flow, usually in conjunction with sampling
for flow quality, are essential to nearly all aspects of water pollu-
tion control, Research, planning, design, operation and maintenance,
and enforcement of pertinent laws ~ agll are activities which rely on
flow measurement for thelr effective conduct. For scme activities,
very precilse, time synchronized, continuous flow records are needed.
With others, occasional, falrly rough estimates of flow may suffice,

Research

A principal research activity is the development of an extensive backlog
of data to characterize the various types of wastewater - e.g., sanitary
and iIndustrial wastes, stormwater, comblned sewage, and effluents from
treatment plants. The quantity and rate of sanitary sewage flow from
individual homes, apartments, and commercial buildings, as found in
various citles and geographic locations, provide data useful for many
purposes. Similarly, measurement of the flow of wastes from specific
industrial processes provides generzl information concerning the chax-
acter of such industrial wastes. Characterization of stormwater and
combined sewage with respect to geographic location, population density,
land use, and other parameters, makes reasonably accurate estimation for
unmeasured areas possible. Similarly, flow records from a network of
natural streams throughout the country, such as those maintained by the
U.S. Geological Survey, make possible the characterization of ungaged
streams which may be required to receive wastewaters.

13




Mathematical models of the relationships between rainfall, runoff, basin
characteristics, and concentration of pollutants in the runoff, such as
the Storm Water Management Model of the USEPA, are bedng developed.

The principal limiting factor.ln the development and testing of such
models has been the scarcity of satisfactory data on the quantity and
quality of runoff in urban areas. Although these models can perform a
very useful function in syntheslizing flow records, they do not fully
substitute for actual flow measurements and records. For example, ap-
plication of a model to an unfamfliar area needs verification by actual
records, and adjustments to the model are often indicated.

Planning

The availability of reasonably accurate and long-term records of flow
is a basic requirement for planning new or expanded systems of sewers,
or systems for the control and/or treatment of stormwater and combined
sewage. Such records, with records of water quality, are required to
define the scope of the problem to be solved, and to make necessary
decisions concerning the type, size, number, and location of facilities
required.

A knowledge of existing flow conditions, plus knowledge of existing
pollutant concentrations, is indicative of conditions tc be expected
in the future, and thus serves to deflne the problem. For example, in-
filtration into sewers is a common problem which must be addressed to
avoild excessive construction and operational costs. Flow measurements
can serve to locate the approximate source and quantity of such
infiltration.

For storm and combined sewer systems, knowledge of the number, fre-
quency, and pollutant loadings (the product of quantity and concentra-
tion) of overflows 1s necessary to evaluate their impact on the
recelving stream. Thus, the extent and seriousmess of .the problem can
be determined.

In many cases, the sources and movement of stormwater pollutants are not
obvious., They may originate partly through rain and snowfall over a
city; from the surfaces of bulldings, streets, vacant land, construc-
tion sites, parking lots, and yards in urban runoff; and in the sewer
system. Often the sources and movements of such pollutants can be
determined through a systematic program of flow measurement and sam-
pling, thus outlining the necessary extent of a pollution control

system or program.

A significant number of procedures and facility types are availlable to
management for the control of pollution due to stormwater and combiped
sewage. In general, these include methods for controlling the quantity
of flow, and those for treating, or improving the quality, of wastewater.
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Quantity of stormwater can be controlled at the source by increasing
infiltration to groundwater, and can be controlled in the sewer system
itself by reducing infiltration to the system, by using the maximum
capacity of the system itself for storage, and by other procedures.
Facilities for temporary storage of wastewater outside of the sewer
gystem can be provided.

A number of physical, chemical, combinations of physical-chemlcal, and
blological methods have been considered in the Storm and Combined Sewer
Pollution Control Program of the USEPA for treatment of stormwater and
combined sewage. In most cases, some type of control such as reduction
of instantaneous peak flows is essential for practical application of
treatment methods. Selectlon of sultable facllities and procedures

for control of peak flows depends upon the availability of storm hydro-
graph records.

Character of storm runoff as influenced by geographic differences in
storm patterns, intensity, and frequency is defined by records of

flow and 1s the basls for decision on the type of pollution control
system to be used. As stated by Lager and Smith (5), "Storms of high
Antensity and shont dunation may be best countered with storage, whereas
stomms of Low intensity and Long duration may be more effectively con-
tholled through increased treatment capacity or runoff deterrents such
as poroud pavements. Intervals befween storms are significant in that
Zthey may dictate dewatering requirements and, in Ltwwn, LTreatment rates
in sysitem cleanup from one stonm in preparation for the next."

Design

Design of facilitles for temporary storage of wastewater within the
sewer system - such as flow control structures, and off-line storage
facllities — must be based largely on records of peak flows and storm
hydrographs. Such data are often most useful when converted to figures
of frequency of peak flows or of runoff volume-duratlon-frequency. The
probability of a second storm occurring within a selected time interval
is also useful in sizing storage facilities., It should be recognized
that wastewater pollution control facilities can, iIn most cases, be
designed to handle runoff only from storms of comparatively short
recurrence intervals. Runoff from larger storms, of relatively in-
frequent recurrence intervals, may completely submerge the facility

and surrounding area, and the only design concern would be protection
from damage.

If, for example, screens are to be used for treatment, the number and
size of units, slze of screen openings, and other design characteristics
(such as frequency of screen cleaning) must depend largely on the rate
*and volume of wastewater flow to be handled and on the concentration of
pollutants. Similarly, if chemical treatment 18 to be used, the number
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and size of undts, the quantity of chemicals, and the design of equip-
ment for chemical handling must be based on records of peak flow and
volume of flow, as modified by storage.

Operation and Maintenance

Although operational guides and maintenance procedures are often based
on historical records of flow, flow records obtained on a "real-time"
basls may be more useful for operational purposes. Where temporary
storage within an extensive system of sewers is controlled by computer,
flows at remote locatlons may be sensed and telemetered to the com-
puter. The system can thus be regulated to more fully utilize its
total capacity. If temporary offline storage i1s to be utllized wlthin
a combined sewer system, a preselected rate of flow, or stage, in the
sewer could serve to Initiate diversion to storage. Efficlent operation
of systems for wastewater pollution control must depend upon measure-
ment and sampling of flows. In fact, operation of the large-scale,
high~rate systems that may often be required for control and treatment
of stormwater and combined sewage will not be possible without coordi-
nated systems of flow measurement and sampling.

Permits and Enforcement

Section 402 of the Federal Water Pollution Control Act Amendments of
1972 (6), "...crneates a National Pollutant Discharnge Elimination Sysiem
under which the Adminisinaton of the Envinonmental Protection Agency
may, aﬁ,tezn opportunity fon public hearings, issue permits fon the dis-
charge of any pollutant or combination of pollutants, upon condition
that such discharge witf meet all applicable requiremenis of the Act
nelating to effluent Limitations, water quality standands and imple-
mentation plans, new sowrce performance standards, inspection, moni-
toring and entry provisions, and guidelines estfablishing ocean
dischange cernitenia."

The Act requires that the Administrator of the USEPA prepare, and make
public, a fact sheet for every permit application having a total dis-
charge volume of more than 500,000 gallons on any day of the year.
(The Administrator may prepare fact sheets for smaller discharges.)
Tncluded in the fact sheet must be: M"A quantifative descripfion of
the dischange described in the NPDES application which includes the
rate on frequency of the proposed dischange; if the discharge is con-
Lénuodgzs,"'the average daily {Low in gallons per day oh million gallons
pes aay;

Provision is made for enforcement of the Act by recourse to crimlnal,
civil, zmd ¢ivil injunctive remedies. Thus, measurement of flow is
one of the basic requirements for issuance of a permit to discharge
pollutants.
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TYPES OF FLOW DATA REQUIRED

Basic flow data can be classified in accordance with thelr probable
accuracy, time continuity or discontinuity, and their general quantity
level - such as high, medium, or low. All flow data must be synchro-
nized with time, at leasat on a watch time basis, to have any useful
meaning. TFor some purposes, such as certain research or operation
functions, very precise time synchronization is necessary. To in-
crease their usefulness, various statistical parameters such as totals,
means, extremes, variability, and frequency are derived by analysis of
the basic flow data.

Continuous records of flow for the time period of interest probably
are most commonly required. For plamning and design of poliution con-
trol facilities, or for determining the effects of pollution on the
recelving stream, many vears of continuous record of flow may be use-
ful. Continuous "real-time" data for operation of facilities may be
needed for an indefinite time period.

In many storm sewers, flow outside the perlods of storm runoff is
negligible, Therefore, the need is for continuous record of flow
during periods of storm rumoff only. Flow measurement equipment can
be activated automatically by the onset of rainfall, or by preselected
water surface elevatlon, and can be deactivated in a similar manner.

There may be situations where the magnitude and frequency of peak flows
only would be required. These data could, for example, be required for
determination of the maximum required size of sewers or other facilities.
In this case, crest—-stage measurements only can be obtalned by various
simple devices such as a wvertical pipe stilling well with a graduated
rod left in it. MexImum stage is recorded by a line of ground cork,

or other floatable material, left on the stick during a period of

storm runoff. A calibrated primary device, such as a culvert, flume,

or rated channel, must be used with the crest-stage measuring equipment.

On the other hand, measurements of low flow only can be useful., This
would be true In cases where low flow augmentation of the receiving
stream could be an acceptable measure for reducing the concentration
of pollutants in the stream. Because of the usual slow change in
streamflow during periods of dry weather, comparatively few measure-
ments are needed to define such low flows.

Another type of flow measurement, often known as a miscellaneous meas-—
urement, is made only at rather infrequent intervals of time. The time
interval may be regular, or it may be simply at the convenilence of the
hydrographer. Such measurements are useful where flow 1s known to be
relatively steady. Flows of effluent from treatment plants, effluent
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from selected types of industrial plants, sanitary sewage, or storm
sewers during periods of dry weather may be satisfactorily defined by
milscellaneous measurements.

Often, flow measurements are made for the purpose of calibrating
another, possibly continuous type, flow measurement device. For ex-
ample, a series of current meter measurements may be made over a range
of stages to calibrate a measuring flume which may not be precalibrated
satisfactorily.

The probable accuracy of flow data is determined by a number of factors.
Each type of flow measurement equipment has an inherent maximum capa-
billity for sccuracy. Care with which certain types of equipment are
Installed affects the accuracy of the flow data. Conditions under which
the equipment is used Infiluence the accuracy of the data collected.

The harsh conditions found in many sewers can be detrimental to meas-
uring equipment, and makes the work of the hydrographer difficult. TUse
of certain types of equipment necessitates conslderable training and
experience if accurate records are to result, Estimates of probable
accuracy of the data should always be furnished by field personnel as

a guide to the user, who otherwise has little means of knowing if they
should be rated as excellent, good, fair, or poor.
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SECTION IV

THE TIME ELEMENT IN FLOW DATA

Measurements of flow are useful only with respect to the relationship

of the measured flow with other phenomena. An assignment of time of
occurrence to flow data makes possible a determinatilon of its relation-
ship to other parameters whose times of occurrence are known. The

other parameters of interest may or may not be synchronous with the flow
data. In some cases, definition of the time Interval between events is
sufficient but, generally, the true clock time, preferably standard time,
of the concerned flow is required.

IMPORTANCE OF THE TIME ELEMENT

The required accuracy of the time element in flow data is very different
from requirement to requirement. An example is the use of peak flows
for each year to determine thelr frequency. On the other hand, flows

at intervals as short as one minute have been collected to define the
discharge hydrograph from small urban areas.

A particular need for improved accuracy in the time element occurs in
the measurement of flows from small urban storm sewers in order to de-
fine the hydrograph and to provide data for development and verifica-
tion of rainfall-runoff-quality models., Accurate definition of both
the time and discharge elements of the hydrograph makes possible the
computation of total volume of runoff during the storm by computing the
area under the hydrograph, exclusive of base flow. By selecting a num-
ber of well defined hydrographs resulting from storms of similar rain-
fall characteristies, a typical hydrograph for the basin can be defined.
When the hydrograph is so adjusted that 1ts runoff volume is 2.54 cm
(1.00 in.) of rainfall excess, it is called a "unit hydrograph', and it
can be conveniently used to define hydrographs resulting from similar
rainfalls of any volume of rainfall excess. Shape of the unit hydro-
graph is determined by accurate timing as well as by discharge® although
it 18 independent of clock time. The hydrograph as defined by clock
time and discharge is often used to route flows along a stream channel
or through a reservoir.

Peak flows, storm runoff volumes, daily flows, or other flow parameters
are often correlated with similar flows at other points on a storm sewer
or stream, or with flows of other storm sewers or streams, to provide a
means for flow estimation. Also, correlations may be made with various
physical characteristics of a basin, such as area, slope, population
density, etc. Correlations with temperature, soil moisture, or ante-
cedent precipitation may be made at times. In most cases, it is
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essential that the correlated varisbles be syanchronous, so accurate
timing of the data i1s often required.

Timing of measured flows and collection of quality samples can be use-
ful in determining sources of pollution. For example, they can be
related to time of release of pollutants from industrial plants, or

to the time of accidental spills of pollutants. The time of travel of
pollutants along a stream or storm sewer can be estimated from the time
of travel of small rises or other flow changes 1n the channel.

In many situatlons where flow measurement 1s used for operatlon of pol-
lution control facilitles, accurate timing of the flows may be required.
This is particularly true where upstream flow data are transmitted
electronically for automatic control of gates, pumps, and other devices
for the rellef of stormwater flows.

CONTINUOUS RECORDING OF FLOWS

Many different kinds of equipment are avallable for the continucus
recording of flow data. In general, they consist of a clock, or timer,
which dxives or regulates the rate of motlon of a strip chart or tape,
or a circular chart. Discharge may be recorded directly on the chart
by pen, pencll, or digital punch; or, stage only may be recorded for
later conversilon to discharge by means of known relationships of stage
to discharge. This conversion may be made manually, wilth the aid of a
discharge integrator, or by means of a computer where digital punched
tape 1s available.

Adjustments, or corrections, to the record are usually required. The
clocks or timers in general use do not maintain fully accurate chart
time. 8liding time corrections are made for the periods between visits
when the chart position of the pen is compared with watch time of the
hydrographer. Small errors in discharge or stage are similarly cor-
rected for the periods between visits. Careful review of the charts
may reveal periods of clock stoppage, temporary backwater conditions,
or instrument malfunctiong for which corrections may be made.

When the relationship between stage and discharge is nomlinear, rapidly
changing stages must be subdivided into relatively short perilods before
converting to discharge., Due to iIntermittent use of daylight saving
time, and iInconsistent use of such time from place to place, all flow
records should be adjusted to standard time,.

Clock Drives and Timers

Clock drives commonly used on Ilow recorders include spring wound,
suspended weight, battery powered motor, and synchronous motor (alter-
nating current). Except for those driven by synchronous motor through
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a power system of regulated frequency, significant time errors can be
expected. Errors of one or two hours per week are common with recorders
of the 8-day type. Without careful clock adjustment, errors of several
hours per month iIn continuous-type recorders are to be expected. Timers
on the digital paper punches now widely used in the field by the U.S.
Geological Survey are said to provide correct timing within sbout

15 minutes per month. Where required, more accurate timers are avail-
able to substitute for those in more general use. Extremely accurate
time can be maintained with quartz crystal timers, for example. The
cost of such solid state timers is not high, except for those having
refinements such as compensation for error due to temperature change.

Synchronous data recording is often achleved by the tracing of more

than one data parameter on a single chart controlled by a single timer.
Thus, flow data may be traced together with rainfall data to provide a
better relationship between rainfall and runoff. On ome existing
project, flow data from several sites are beilng transmitted to a central
location and traced on a single chart. Although the data thus recorded
are synchronous, they are not necessarily plotted to correct clock time.
In several systems of combined sewers, "real-time'" rainfall, quality,
and flow data are transmitted to a central computer, which analyzes the
data to provide control of gates, pumps, and regulators for optimum sys-
tem operation.

Recorder Charts and Tapes

Difficulty in recording the correct time of flow data arises not only
from error of timers, but also from mechanical inaccuracles in the
recorders, and from nonconstant dimensions of the recorder paper.

Under moist, humid conditions, most paper charts expand a significant
amount. Expansion of more than 0.5 percent is to be expected at times.
Error due to expansilon of a strip chart could thus be one hour (or more)
in 10 days of operation., A recorder with an auxiliary pen that marks
the paper at uniform intervals of clock time, rather than relying upon
preprinted time divisions on the chart, serves as a basis for correction
due to humidity effects.

Timing of digital paper tape punch recorders is not affected by changes
in the paper tape length because the punches occur at uniform intervals
of clock time.

NONCONTINUQUS FLOW DATA

Othexr flow measurements, such aa the miscellaneous type, are usually
made directly by the hydrographer and are timed by his watch. It dis
important that he malntain his watch as accurately as possible, and
that he note the time as standard or daylight saving, whichever it
may be.
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It is nelther possible, nor necessary, to determine the precise time
for crest-stage measurements of peak flows obtalned as described above.
Usually, the time can be established closely enough for the purpose by
comparison with the corresponding peak stage at a nearby flow recording
site.
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SECTION V

DESIRABLE EQUIPMENT CHARACTERISTICS

From the brief review of the severe conditions and vagaries of stomm
and combined sewer flow and discusslons given in the preceding sections,
it 1s intuitively obvious that a number of very stringent design re—
quirements must be placed on flow measurement devices 1f they are to
function satisfactorily in such an application. It should also be ap-
parent that no single design can be considered ideal for all flow meas-
urement activities in all storm and combined sewer flows of interest.
Characteristics of the available sites, as well as the particular flows
in question, make a device that might be acceptable for one location
totally unsuitable for another. Despite this, one can set forth some
equipment "requirements” in the form of primary design goals and some
degirable equipment features In the form of secondary design goals.

PRIMARY DESIGN GOALS

The following are considered to be primary design goals for equipment
that is to be used to measure storm and combined sewer flows:

Range - Since flow velocities may range from 0,03 to 9 meters per second
(0.1 to 30 fps), it is desirable that the unit have eilther a very wide
range of operation; be able to automatically shift scales; or otherwise
cover at least a 100 to 1 range.

Accuracy - For most purposes, an accuracy of *107Z of the reading at the
readout point 18 necessary, and there will be many applications where
an accuracy of £57 1s highly desirable. Repeatability of better than
+2% 1s desired in almost all instances.

Flow Effects on Accuracy - The unit should be capable of maintaining its
accuracy when exposed to rapid changes in flow; e.g., depth and velocity
changes in an open chamnel flow situation. There are instances where
the flows of interest may accelerate from minimm to maximum in as short
a time period as five minutes.

Gravity and Pressurized Flow Operation -~ Because of the conditions that
exist at many measuring sites, it is very desirable that the unit have
the capability (within a closed conduilt) of measuring over the full
range of open channel flow as well as with the conduit flowing full and
under pressure.

Sensitivity to Submergence or Backwater Effects -~ Because of the pos-
8ibility of changes in flow reslstance downstream of the measuring site
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due to blockages, rising river stages including possible reverse flow,
etc., 1t 1s highly advantageous that the unit be able to continue to
function under such conditions or, at a minimum, be able to sense the
existence of such conditions which would lead to erroneous readings.

Effect of Solids Movement — The unit should not be seriously affected
by the movement of solids such as sand, gravel, debrls, etc. within
the fluid flow.

Flow Obstruction - The unit should be as nonintrusive as possible to
avold obstruction or other interference with the flow which could lead
to flow blockage or physical damage to some portion of the device.

Head Loss — To be usable at a maximum number of measurement sites, the
unit should induce as little head loss as possible.

Manhole Operation — To allow maximum flexibility in utilization, the
unit should have the capability of being imstalled in confined and
molsture-laden spaces such as sewer manholes.

Power Requirements — The unit should require minimum power at the meas-
uring site to operate; the abllity to operate on batteries is a definite
asset for many installations,

SECONDARY DESIGN GOALS

The following are desirable features for flow measuring equipment,
especlally for use in a storm or combined sewer applicatilont

Site Requirements - Unit design should be such as to minimize site re-
guirements, such as the need for a fresh water supply, a vertical drop,
excessive physical space, etc.

Installation Restrictions or Limitations — The unit should impose a
ainimum of restrictions or limltations on its installation and be
capable of use on or within sewers of varying size.

Sipplicity and Religbility -~ To maximize reldability of results and
operation, the design of the unit should be as simple as possible, with
a minimm of moving parts, etc.

Unattended Operation - For the majority of applicatiouns, it is highly
degirable that the equipment be capable of unattended operation.

Maintenance Requirements — The design of the equipment should be such
that routine maintenance is minimal and troubleshooting and repair can
be effected with relative ease, even in the field.
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Adverse Ambilent Effects — The umit should be umaffected by adverse
ambient conditions such as high humidity, freezing temperatures, hydro~
gen sulphide or corrosilve gases, etc.

Submersion Proof ~ The unit should be capable of withstanding total
immersion without significant damage.

Ruggedness ~ The unit should be of rugged comstruction and as vandal
and theft proof as possible.

Self Contained - The unit should be self contained insofar as possible
in view of the physical principles involved.

Precalibration ~ In order to maximize the flexibility of using the
equipment In different settings it is desirable that it be capable of
precalibration; i.,e., 1t should not be necessary to calibrate the sys-
tem at each location and for each application.

Ease of Calibration - Calibration of the unit should be a simple,
stralghtforward process requiring a minimum amount of time and
ancillary equipment.

Maintenance of Calibratlion - The unit should operate accurately for
extended perilods of time without requiring recalibration.

Adaptability - The system should be capable of: d1ndicating and
recording Instantaneous flow rates and totalized flows; providing flow
glgnals to assoclated equipment (e.g., an automatic sampler); imple-
mentation of remote sensing techniques or incorporation into a com—
puterized urban data system, Including a multisensor single readout
capability.

Cost - The unit should be affordable both in terms of acquisition and
installation costs as well as operating costs, Including repair and
maintenance.

EVALUATION PARAMETERS

It is, of course, not necessary that 2ll of the primary and secondary
design goals be achieved for z2ll flow measurement requirements. For
example, "spot" measurements of all flow rather than continuous records
are sufficient at times. Flow measurement devices wused to calilbrate
others need not necessarily be self contained, nor would unattended
operations be required. Furthermore, meeting all of the listed design
goals for all installations and settings would be difficult, if not
impossible, to achieve in a single desdign.
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Nonetheless, the primary and secondary design goals can be used to
formulate a set of evaluation parameters against which a given design
or plece of equipment can be Judged. Since application details may
make certain parameters more or less important in one instance or
another, no attempt has been made to apply weighting factors or assign
numerical rank. It is hoped that the evaluastion factors will prove
useful, as a check list among other things, for the potential user
who has a flow measurement requirement and who may require assistance
in the selection of his equipment,

The evaluation parameters, together with qualitative scales, are presented
in the form of a f£low measurement equipment checklist in Table 1.
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TABLE 1.

Designation:

FLOW MEASUREMENT EQUIPMENT CHECKLIST

Evaluation Parameter Scale Weight and Score
1| Range O Poor (O Fair O cood
21 Accuracy 0 Poor {JFair O Good
3] Flow Effects on Accuracy O High [ Moderate ] S1light
4| Gravity & Pressurized Flow| [ Mo O Yes
Operation
5| submergence or Backwater O High O Moderate [J Low
Effects
6| Effect of Solids Movement | (O High [0 Moderate [JSlight
7| Flow Obstruction O High [ Moderate (0 Slight
8 | Head Loss O High O Medium [Jlow
9 t Manhole Operation O Poor OFair 3 Good
10 | Power Reguirements O High O Medium O Low
11{ Site Requirements O High [ Moderate [J Slight
12 | Installation Restric¥ions | O High [J Moderate O Slight
or Limitations
13} Simplicity and Reliability] OO Poor 0O Fair 3 Good
14 } Unattended Operation O No 0O Yes
15| Maintenance Requirements (O High [ Medjum [JLlow
16 | Adverse Ambient Effects [JHigh [ Moderate [JSlight
17 | Submersion Proof O No (J Yes
18 | Ruggedness 0 Peor [IJFair [J Good
19} Self Contained [d No O Yes
20 | Precalibration  No 3 Yes
21 | Ease of Calibration O3 Poor [JFair O Good
22 | Maintenance of Calibration| O Poor [ Fair O Good
23 | Adaptability O Poor (1 Falr (] Good
24 | Cost O High O Medium [ Low
25| Portability 03 No O Yes

Comments:
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SECTION VI

METHODS OF FLOW DETERMINATION

GENERAL

This section 1s iIntended to provide the reader with an overview of the
physical principles that have been utilized in the design of equipment
for the quantitative measurement of flows. It presents a discussion,
in generic terms, that may help the reader to better follow the treat-—
ment of commerclally available equipment given in Section VII. There
are a numbexr of excellent references on the subject and the reader is
referred to them for a more ln-depth presentation. Noteworthy among
these are the ASME monograph on fluid meters (7) which was used as a
gulde for the organization of this section as well as much of its con-
tent, Replogle (8) and McMahon (9) which were also liberally used as
resource material; the USDI Bureau of Reclamation's water measurement
manual {10}, the Leupold and Stevens water resources data book (11),
and the many standard texts on hydraulies, fluid mechanies, etc.

Any flow measurement syatem can be consldered to consist of two dis-
tinct parts, each of which has a separate function to perform., The
first, or primary element, is that part of the system which is in con-
tact with the fluid, resulting in some type of interaction. The sec-
ondary element 1s that part of the system which translates this
interaction into the desired readout or recording. While there is al-
most an endless varlety of secondary elements, primary elements are
related to a more limited number of physical principles, being depend-
ent upon some property of the fluld other than, or in addition to, its
volume or mass such as kinetic energy, inertia, aspecific heat, or the
like. Thus the primary elements, or rather theilr physical principles,
form a natural classification system for flow measuring devices and
are go used in this discussion.

Flow measurement systems may be thought of as belonging to one of two
rather broad divisions, quantity and rate. In quantity meters, the
primary element measures isolated (i.e., separately counted) quanti-
ties of fluid either in terms of mass or volume. Usually a container
or cavity of known capacity is alternately filled and emptied, per-
mitting an essentially continuous flow of the metered supply. The
secondary element counts the number of these quantities and indicates
or records them, often against time. In rate meters, by contrast, the
fluld passes in a continuous, uninterrupted stream, which interacts
with the primary element in a certain way, the interaction being depend-
ent upon one or more physical properties of the fluid. In the second-
ary element, the quantity of flow per unit time is derived from this
interaction by known physical laws supplemented by empirical relations.
A general categorization of flow meters by division, classification,

v
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type, and sub-type 18 presented in Table 2. Each classification is dis=-
cussed briefly in the following sub-sections.

A slightly modified form of the flow measurement equipment checklist
given In Table 1 hes been used to evaluate the various flow measuring
devices and techniques in tabular form, and a matrix summary is given

at the end of this section. It must be re~emphasized that these eval-
uations are made with a storm or combined sewer flow measurement ap~
plication in mind and will not necessarily be applicable for other

types of flows. They are necesgsarily somewhat subjective, and the
writers apologize 1n advance to the clever reader who has made a partic-
ular device work satilsfactorily in such an application and, hence,

feels that 1t has been treated unfairly.

Only a few of the evaluation parameters normally have numbers assoclated
with them. To assist the reader in interpreting the ratings, the fol-
lowing general guidelines were used., 1If the normal range of a partic-
ular device was considered to be less than about 10:1, it was termed
poor; if it was considered to be greater than around 100:1, it was
termed good. The intermediate ranges were termed fair. The accuracy
that might reasonably by anticipated in measuring storm or combined
sewer flows was considered rather than the best accuracy achievable by
a particular device. For example, although a sharp-crested welr may be
capable of achleving accuracies of *1.5% or better in clear irrigation
water flows, accuracies of much better than *4-7% should not necessarily
be anticipated for a sharp-crested welr measuring stormwater or com—
bined sewer discharges. If the accuracy of a particular flow measur-
ing device or method was consldered to be better than around *1-2%, it
was termed good; if it was considered to be worse than around *10%, it
was termed poor. The Intermediate accuracies were termed fair.

The flow measuring devices and techniques were not rated on two evalua-
tion parameters, submersion proof and adaptability, because these fac-
tors are so dependent upon the design details of the secondary element
selected by the user.

SITE SELECTION

The success or fallure of selected flow measurement equipment or methods,
with respect to accuracy and completeness of data collected as well as
reasonableness of cost, depends very much on the care and effort exe-
cised in selecting the gaging site. ZExcept for a few baslc require-
ments which are applicable to all types of equipment and methods which
will be discussed at this point, there are significant differences in
gite needs for various flow measurement devices. Particular site re—
quirements will be addressged in the discussion of each equipment type.

A requirement which appears to be obvious, but which is frequently not

sufficiently considered, is that the site selected be located to give
the desired flow measurement. Does flow at the site provide information
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TABLE 2. FLOW METER CATEGORIZATION

DIVISION CLASSIFICATION TYPE SUBTYPE
QUANTITY  GRAVIHETRIC WEIGHER

QUARTITY  GRAVIMETRIC TILTING TRAP

QUANTITY  GRAVIMETRIC WEIGH DUMP

QUANTITY  VOLUMETRIC METERTHG TANK

QUANTITY  VOLUMETRIC RECIPROCATING PISTON

QUANTITY  VOLUMETRIC OSCILLATING OR RING PISTON

QUARTITY  VOLUMETRIC NUTATING DPISC

QUANTITY VOLUMETRIC SLIDING VAHE

QUANTITY  VOLUMETRIC ROTATING YANE

QUANRTITY  YOLUMETRIC GEAR OR LOBED IMPELLER

QUANTITY  YOLUMETRIC DETHRIDGE WHEEL

RATE DIFFERENTIAL PRESSURE  VENTURI

RATE DIFFERENTIAL PRESSURE  DAELL TUBE

RATE DIFFERENTIAL PRESSURE  FLOW NOZZLE

RATE DIFFERENTIAL PRESSURE  ROUNDED EDGE ORIFICE

RATE DTIFFERENTIAL PRESSURE  SQUARE EDGE ORIFICE CONCENTRIC

RATE DIFFERENTIAL PRESSURE  SQUARE EDGE ORIFICE ECCENTRIC

RATE DIFFERENTTIAL PRESSURE  SQUARE EDGE ORIFICE SEGMENTED

RATE DIFFERENTIAL PRESSURE  SQUARE EDGE ORIFICE GATE OR YARIABLE AREA
RATE DIFFERENTIAL PRESSURE  CENTRIFUGAL ELBOW OR LONG RADIUS BEND
RATE DIFFERENTIAL PRESSURE  CENTRIFUGAL TURBINE SCRQLL CASE
RATE DIFFERENTIAL PRESSURE  CENTRIFUGAL GUIDE VARE SPEED RING
RATE DIFFERENTIAL PRESSURE  IMPACT TUBE PITOT-STATIC
RATE DIFFERENTIAL PRESSURE iMPACT TUBE PITOT VEHTURI
RATE DIFFERENTIAL PRESSURE  LINEAR RESISTANCE PIPE SECTION
RATE DIFFERENTIAL PRESSURE  LINEAR RESISTANCE CAPILLARY TUBE
RATE DIFFERENTIAL PRESSURE  LINEAR RESISTANCE POROUS PLUG
RATE VARIABLE AREA GATE

RATE VARIABLE AREA CONE ARD FLOAT

RATE VARVABLE AREA SLOTTED CYLINDER AND PISTOR

RATE HEAD-AREA WEIR SHARP CRESTED
RATE HEAD-AREA WEIR BROAD CRESTED
RATE HEAD-AREA FLUME VENTURI

RATE HEAD-AREA FLUNE PARSHALL

RATE HEAD-AREA FLUME PALMER-BOWLUS
RATE HEAD-AREA FLUME DISKIN DEVICE
RATE HEAD-AREA FLUME CUTTHROAT

RATE HEAD-AREA FLUME SAN DIMAS

RATE HEAD-AREA FLUME TRAPEZOIDAL
RATE HEAD-AREA FLUNKE TYPE HS, H, AND HL
RATE HEAD-AREA OPENX FLOW HOZZLE

RATE FLOW VELQOCITY FLOAT SIMPLE

RATE FLOW VELOCITY FLOAT INTEGRATING
RATE FLOW VELOCITY TRACER

RATE FLOW YELOCITY YORTEX YORTEX-VELOCITY
RATE FLOW VELOCITY VORTEX EDDY-SHEDDING
RATE FLOW VELOCITY TURBINE

RATE FLOW VELOCITY ROTATING ELEMENT HORTZONTAL AXIS
RATE FLOW VELOQCITY ROTATING ELEMENT VERTICAL AXIS
RATE FORCE-DISPLACEMERT YANE

RATE FORCE-DISPLACEHENT HYDROMETRIC PENDULUM

RATE FORCE-DISPLACEMENT TARGET

RATE FORCE-DISPLACEMENT JET DEFLECTIDH

RATE FORCE-DISPLACEMENT BALL AND TUBE

RATF FORCE-HOMENTUM AXTAL FLOW MASS

RATE FORCE-MOMENTUN RADIAL MASS

RATE FORGCE-MOMENTUM GYROSCOPIC

RATE FORCE ~-MOMENTUM HANGUS EFFECT

RATE THERHAL HOT TIP

RATE THERMAL coLb TIP

RATE THERMAL BOUNDARY LAYER

RATE OTHER ELECTROMAGHETIC

RATE OTHER ACQUSTIC

RATE OTHER DOPPLER

RATE OTHER OPTICAL

RATE OTHER DILUTION

RATE OTHER ELECTROSTATIC

RATE OTHER NUCLEAR RESONANCE
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actually needed to fulfill project needs? Sometimes influent flows,
diversions, or storage upstream or downstream from the selected site
would bias the data in a manner not understood without a thorough study
of the proposed site. Such study would include reference to surface
maps and to sewerage maps and plans. Sometimes groundwater infiltra-
tion or unrecorded connections may exist. For these reasons, a thorough
field investigation should be made before establishing a flow measure-
ment site.

There are some situations where there is no cholce of sites. Omnly a
single site may be available where the desired flow measurement can be
made. In this case, the problem is one of selecting the most suitable
flow measurement equipment and methods for the available site.

A basic consideration In site selection is the possible avallability of
flow measurements or records collected by others, At times, data beling
collected by the U.S. Geological Survey, by the State, or by other pub-
lic agencies can be used. There are locations where usefyl data, al-
though not currently being collected, may have been collected in prior
yearse, Additional data to supplement those earlier records may be more
ugeful than new data collected at a different site. Other general site
considerations include any history of surcharging, entry and backwater
conditions, and intrusion from receiving waters.

Requirements which apply to all flow measurement sltes are accessibil-
ity, persomnnel and equipment safety, and freedom from vandallsm. If a
car or other vehicle can be driven directly to the site at all times,
the cost In time required for inmstallation, operation, and maintenance
of the equipment will be less, and it is possible that less expensive
equipment can be selected. Consideration should be given to access
during perlods of adverse weather conditions and during periods of
flood stage. Sites on brildges or at manholes where heavy traffic oc~
curs should be avolded unless suitable protection for men and equipment
ig provided. 1If entry to sewers is required, the more shallow locations
should be selected where possible. Manhole steps and other facilities
for sewer access must be carefully inspected, and any needed repairs
nade. Possible danger from harmful gases, chemlcals, or explosion
should be investigated. With respect to sites at or near streams, his-
torical flood marks should be determined and used for placement of ac~
cess facllities and measurement equipment above flood level where this
is possible., Areas of known frequent vandaliam should be avoided.

Selection of sites in open, rather than secluded, areas may help to re-
duce vandalism. Often, the only solution to prevent destruction of fa-
cilities is to place them in solid concrete or steel shelters, and to
surround them with heavy fencing. Erection of warning signs is futile,
as they often serve only to provide targets.
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In development of a system or network of flow measurement stations,
Primary consideration must be given to cost 1f the maximum benefit is
to result from available funds. Therefore, cost must be considered in
selection of each gaging site.. Cost reduction can result from selec—
tion of sites where the less expensive types of equipment, which will
fulfill project requirements of accuracy and completeness, can be in-
stalled. TFor example, if a site 1s selected where conditions are such
that satisfactory records can be obtained with a weir installation,
this would be preferable to selecting a site where the head loss re-
quired by a weir would not be available, and the expense of installing
a Parshall flume must be met,

GRAVIMETRIC

Ag indicated in Table 2, gravimetric meters include weighers, tllting
trap and welgh dump meters. Weighing the fluid is a primary standard
and, since the accuracy of weighing devices is routinely considered to
be better than *0.1%, they are frequently used to calibrate other me-
ters as, for example, at the new Naticmnal Bureau of Standarda flowmeter
calibration facllity. In its simplest form, a gravimetric meter in-
volves determining the weight of a quantity of fluld in a tank mounted
on beam scales, load cells, or some other mass or force measuring de-
vice. Where flow is uniform, an indication of flow rate can be obtained
by measuring the time over which the meagured weight of fluid is gath-~
ered. The tipping bucket rain gage is probably cne of the most common
meters of this type in fleld use. Another field applicatilon, used
where a scale or some other weighing device is available, is the sim—
ple "bucket and stopwatch" technique., Practical considerations limit
the use of this technique to falrly low flow rates, however. Gravi-
metric meters may often have a useful range of up to 100:1l, and accu-
raclies of *17 of the reading or bettar are routine.

All typea of gravimetric meters as a class are evaluated in Table 3.
Since they are generally not well suited for storm or comhined sewer
flow measurement, no further discussion will be given.

VOLUMETIRIC

Whenever the fluld density can be assumed to be reasonably constant, a
volumetric measure of flow is adequate. Because of their simplicity
and lower cost as compared to gravimetric meters, most quantity meters
found on the market today are volumetric devices. A representative,
but not inclusive, listing of types of volumetric meters is given in
Table 2. As with gravimetric devices, rates of flow can be indicated
with many volumetric meters by using appropriate secondary elements.

Probably the most elementary type of volumetric device ie the metering
tank. An open tank is repeatedly f£illed to a fixed depth and emptied.
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TABLE 3.

GRAVIMETRIC METER EVALUATION (ALL TYPES)

Evaluation Parameter Scale
1| Range 8 Poor {JFair ™ Good
2| Accuracy O Poor [ Fair & Good
3| Flow Effects on Accuracy High [J Moderate O Slight
4] Gravity & Pressurized Flow| O No B4 Yes
Operation
5t Submergence or Backwater 0 High [ Moderate B Low
Effects
6| Effect of Solids Movement | B High [J Moderate 3 S1ight
7 |"Flow Obstruction ® High [ Moderate (O Slight
8 | Head Loss M High [ Medium {3 Low
9 | Manhole Operation ™ Poor 0O Fair 3 Good
10 | Power Requirements (O High & Medium [Jtow
11| Site Requirements ® High [ Hoderate O S1ight
12| Instaitation Restrictions | B High [0 Moderate (O S1iaht
or Limitations
13| Simplicity and Reljability| B Poor [J Fair 0 Good
14 | Unattended Operation O No B Yes
15| Maintenance Requirements B High 0] Hedium O Low
16 | Adverse Ambient Effects O High B Moderate [JS1ight
17 | Submersion Proof (3 No O Yes
18 | Ruggedness OJ Poor B Fair O Good
19 | Self Contained O o Bd Yes
20 | Precalibration ] No 5g Yes
21| Ease of Calibration (J Poor [3JFair B Good
22 | Maintenance of Calibration| O Poor & Fair 0 Good
23 | Adaptability O Poor 0O Fair O Good
24 | Cost Bd High [0 Medium [3JLow
25| Portability No O Yes
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Although potentially not asg accurate as wedighing, since both the fluid
and tank are subject to temperature effects, accuracles of about *1% of
reading are routinely achieved. The usable range of a metering tank
device is a function of 1ts design, but 10:1 1s commonly achleved.

There have been a few instances where existing structures have been
used as volumetric flow measuring devices for stormwater or combined
sewage. For example, in at least one location wet wells have been
utilized in a "fill and draw" fashion in order to provide an indication
of flow. The monitoring of pump operations at 1ift stations in general
has been used in a number of cases to obtain flow information. Such
techniques rely upon the use of existing equipment and structures, how-
ever, and flow measurement was not their original purpose. For this
reason, they musgt be considered as techniques of opportunity rather
than as candidates for flow measurement equipment per se; consequently,
they will not be included in the evaluation table.

Many of the flow measuring devices in the volumetric classification are
positive displacement meters. Such units may be considered to be fluid
motors operating with a very high volumetric efficiency under a very
light load. This load is made up of two parts; the internal load due
to friction within the primary element, and the external load imposed
by the secondary element or register. As in all fluid motors, work
done against a load results in a pressure drop. The maln factors in-
fluencing the magnitude of this pressure drop are the type of seal re-
quired, the power required to drive the register, the viacosity of the
liquid, and the rate of flow.

Various ingenious mechanical implementations of such meters include
such types as the reciprocating piston, oscillating or ring pistonm,
nutating dise, sliding and rotating vane, and gear or lobed impeller,
Beveral of these have seen application in water meter designs for resi-
dential and commercial use. They are seldom found In large sizes and
are obviously poorly suited for measuring storm or combined sewer flows.
A speclal adaptation of a vane type meter is the Dethridge Wheel. These
devices are widely used in Australia and WNew Zealand to measure irriga-
tion water flows, but are almost unkunown in the United States, Accura-
cies of *3,5% are reported for free discharge conditlons for discharge
rates between 0.042 and 0.14 cm/s (1.5 and 5.0 cfs). Maximum ranges of
5:1 have been achieved 1in smaller aizes.

All types of volumetric meters as a class are evaluated in Table 4.
Since they are generally not well suited for storm or combined sewer
flow measurement, mo further discussion will be given. Complete de-
scriptions and discussions can be found in the references - especially
ASME (7), Replogle (8), and McMahon (9).
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TABLE 4.

VOLUMETRIC METER EVALUATION (ALL TYPES)

Evaluation Parameter Scale
1] Range B Poor [J Fair O Good
2| Accuracy d Poor [J Fair Good
3] Flow Effects on Accuracy ® High [O Moderate J Slight
4| Gravity & Pressurized Flow| [J No R Yes
Operation
5} Submergence or Backwater O High [0 Moderate Bd Low
Effects
6| Effect of Solids Movement | B High [J Moderate [J Slight
7 |- Flow Obstruction Bd High {3 Moderate [JSlight
8| Head Loss [JHigh DB Medium [JLlow
9 | Manhole Operation ™ Poor [ Fair {J Good
10 | Power Requirements O High O Medium B€Low
11| Site Requirements ™ High ([ Moderate O Stight
12| Installation Restrictions | B8 High [ Moderate [J S1ight
or Limitations
13| Simplicity and Reliability] O Poor B Fair O Good
14 | Unattended Operation ] No Bd Yes
15 ] Maintenance Requirements 8 High [ Medium ([JLow
.16 | Adverse Ambient Effects {J High [0 Moderate [} Silight
17 | Submersion Proof O No O Yes
18 { Ruggedness {1 Poor Fair O Good
19| Self Contained (1 No Bd Yes
20 | Precalibration 0 No Bg Yes
21 | Ease of Calibration O Poor [JFair & Good
22 | Maintenance of Calibration| D Poor B Fair 0 Good
23 | Adaptability OJ Poor (O Fair 3 Good
24 1 Cost B High O Medium [ Low
25 | Portability ® No O Yes
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DIFFERENTIAL FRESSURE

Floy measuring devices that fall in the differential pressure classifi-
cation operate by converting energy from one form to another. For ex-
ample, in thoge primary devices that have a reduced cross-section,
potential energy 1s converted into kinmetlc energy to produce a differ-
ential pressure, while in the impact type devices the reverse is true.
Centrifugal type devices utilize the acceleration of the flow around a
bend, while linear resistance type devices are based on frictional
losses, In many designs a combination of velocity head, frictional
losses, or stream-line bending 1s employed. An important feature of
all flow measuring devices in the differential pressure classification
used here is that they can only be used in a closed conduit flowing full
and under pressure.

Venturi

As noted above, when a fluid flows through a conduit of varying cross-~
section 1lts velocity varies from polnt to point along the conduit or
passage. 1f the veloclty increases, the passage is called a nozzle,
and the kinetic energy Increases at the expense of internal energy. If
the velocity decreases, the passage 1s called a diffuser, and the in-
ternal energy increases at the expense of kinetic energy. If the cross-
section of a nozzle decreases continuously from entrance to exit it is
called converging, and if it increases continuously it i1s called di-
verging. The cross-section of a diffuser may either increase or de-
crease depending on whether the flow 1s supersonic or subsonic. A
venturi is a converging nozzle followed by a subsonlc diffuser. The
region of minimum cross-section is called the throat. A pumber of dif-
ferent venturl geometries have been developed over the years, one of
the more common being the standard (long-type) Herschel Venturl meter
tube (Figure 3).

The venturi meter is one of the most accurate devices for measuring
liquid flow rates in pipes, but it 1s not in common use for waste fiow
reasurement for a number of reasons, not the least of which is its cost.
The venturl causes a very low pressure loss and, with proper precau-
tione, is good for use in liquids with high solids concentrations. TFor
example, ASTM Standard D 2458 states (12) "When a ventwri tube is fo be
used for metening Liguids containing Large concentrations of suspended
s0lids on studge, the annularn ning {s eliminated and replaced by single
hoke faps at the inbet and thiwoat and these are flushed continuously
with clean watern." It is further recommended that the flushing water
pressure should exceed the maximum line pressure by at least 0.7 kgf/sq
cm (10 psi). The flushing water flows should be equal and continuous,
and held to a small quantity to prevent any measurable pressure differ-
ential which would be reflected in the metering instrument.
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It 45 essential that the flow entering a venturi tube be of uniform
turbulence, free from helical flow and from high or low pressure areas.
Therefore, long uninterrupted runs of straight pipe upstream from the
venturi location are desirable for accurate fluid metering. Straighten—
ing vanes can often be used to reduce the upstream straight pipe run re-
quirement when the disturbing device produces spiral flows, but they do
little to reduce the effects of elbows and partly opened gate valves.
The required run depends upon the nature of the upstream element; e.g.,
elbow, gate and globe valve, decreaser, lncreaser, etc., and the ratio
of the throat diameter to the pipe dismeter. Typically, the minimum de-
sirable stralght run will be from 5 to 20 pipe diameters. Condltions
downstream from the venturi tube have little effect on 1ts performance.

The pressure differentilal of a venturl tube can be measured using mer-
cury columns, electrically, pneumatically, or by incorporating a water
level sensing device {e.g., a float operated instrument)} and water col-
umns. Although manufacturers typically supply rating curves with their
instruments, ASTM (12) recommends that each venturi be calibrated in
place to meet accuracy standards. Accuracy 1s affected by changes in
denasity, temperature, pressure, viscosity, and by pulsating flow. Under
ideal conditlons a venturi can yield accuracies of around *0.5% of the
reading, but more typical accuracies achieved are about #1 or 2%. Most
installations are usable over a range of 5:1 or so. Venturi tube meters
are evaluated in Table 5.

Flow Tubes

Following the development of the Herschel venturi tube in 1887, a num-
ber of variations such as the short—-coned venturi were developed. Among
the more recently introduced venturi-type primary devices is the Dall
flow tube (13), which was developed in England. The Dall tube consists
of a flanged cylindrical body designed with a short stralght inlet sec-
tion which terminates abruptly with a decrease in diameter, thus form-
ing a shoulder. Thie is followed by a conlcal reducer and diverging
outlet separated by a narrow throat. In effect, the Dall tube uses
atream-line bending as well as velocity head to obtain a differential
pressure larger than that produced by a standard venturl meter. Single
hole pressure taps are located at the inlet shoulder and the throat
(Figure 4). Both pressure taps can be continuously flushed with clean
water to prevent plugging from solids in the flow as done with the ven-
turi tube.’

The Dall tube is almost as accurate as the standard venturi and has a
higher head recovery, being one of the lowest permanent head loss de-
vices known. It is more sensitive to system disturbances than the ven-
turi, and straight upstream pipe runs of 40 pipe diameters or more may
be required. Although somewhat cheaper than the venturi, the Dall tube
must still be considered expensive. It is much shorter tham either
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TABLE 5.

VENTURI TUBE METER EVALUATION

Evaluation Parameter Scale
1] Range Poor (O Fair (JGood
2| Accuracy O Poor [ Fair Bd Good
3| Flow Effects on Accuracy O High [3 Moderate ® STight
4| Gravity & Pressurized Flow| B No J ves
Operation
5| Submergence or Backwater O High [ Moderate B4 Low
tffects
6] Effect of Solids Movement | O3 High [0 Moderate B Slight
7 |- Flow Obstruction DO High [ Moderate @ Slight
8 | Head Loss O High O Medium B4 Low
9 { Manhole QOperation & Poor [ Fair O Good
10 | Power Requirements O High [0 Medium DB Low
11| Site Requirements B High {d Moderate [J Slight
12{ Installation Restrictions | B High [J Moderate O Sliaht
or Limitations
13| Simplicity and Reliability}] O Poor [J Fair B4 Good
14 | Unattended Operation O no ® Yes
15 | Maintenance Requirements O High B Medium [JLow
16 | Adverse Ambient Effects O High M Moderate [J S1ight
17 | Submersion Proof O No O Yes
18 | Ruggedness O Poor ([ Fair 5 Good
19| Self Contained ] No B ves
20 | Precalibration [J No X Yes
21 | Ease of Calibration O Poor [ Fair & Good
22 | Maintenance of Calibration| O Poor [ Fair ® Good
23 | Adaptability O Poor [ Fair O Good
24 1 Cost ® High [ Medium [ Low
25 | Portability B o O Yes
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long or short venturl tubes, and thus has less of an installation re-
striction. The throat of the Dall tube can foul, and it is not gener-
ally recommended for extremely dirty fluids. Dall tubes are evaluated
in Table 6.

There have also been a number of recent American proprietary develop-
ments, typical of which i1s the "Lo-Loss" tube. It senses the vacuum

at the throat produced by the centrifugal action of the liquid rounding
a curve and the impact pressure at the inlet. It is also a high head
recovery device but, unlike the Dall tube, can generally be successfully
used to meter dirty fluids. With this exception, the evalvation com-
ments of Table 6 can be assumed applicable to the "Lo-Loss" tube also.

1
The Gentile tube is a somewhat different venturi-type differential pres-
sure producer, in which there iz a slight constriction in the line.
Pressure ports exist in the wall of the constriction. These ports face
in opposite directions and the effect is somewhat similar to the
multiple-port Pitot tube. In effect these Pitot tubes are used to am-
plify the throat pressure. Because of the type of construction and size
of the ports, the device hags limitations for the measurement of flow of
liquids which carry solid matter in suspension. It also suffers from
an extremely limited range (less than half that of a Dall tube), a
greater sensitivity to upstream disturbances, and less head recovery;
consequently, this device will not be discussed further.

Flow Nozzle

Various designs have been developed for flow nozzles, resulting in
characteristicas that approach those of a venturi tube in one extreme
(venturi insert nozzle) and those of an orifice meter ipn the other (ASME
long radius nozzle). More typically, a flow nozzle has an entrance
cone and throat, as in a venturi tube, but lacks the recovery cone
{(diffuser). This omission essentlally affects the head recovery only.
A major difference (and advantage over the venturi tube) in installa-
tion is that a flow nozzle can be installed in pipe flanges (see Fig-
ure 5). Nozzles are less expensive than venturi tubes, but cost more
than orifice meters. 1In general they are more sensitive to upstream
disturbances and 20 or more pipe diameters of strailght run upstream of
the flow nozzle are required for successful operation. While some de-
signs, (e.g., ASME nozzle) are quite well suited (with proper precau-~
tions) for measuring liquids high in suspended solids, other (e.g.,
venturl lnsert nozzle) are not recommended for use in such flows, due
to some aspect of their particular design that would tend to promote
plugging or clogging. Flow nozzle accuracies can approach those of
venturi tubes, especlally when calibrated in place. It 1s alsc possi-
ble to use a flow nozzle in cases where a pipe (flowing full) discharges
freely to the atmosphere. In such cases only the high pressure tap is
needed; see Figure 6. Flow nozzles as a group are evaluated in Table 7.
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TABLE 6,

DALL TUBE METER EVALUATION

Evaluation Parameter Scale
11 Range b8 Poor  Fair {JGood
2] Accuracy {Q Poor [JFair ™ Good
3] Flow Effects on Accuracy 0 High [ Moderate ® Siight
4] Gravity & Pressurized Flow| B4 No O Yes
Operation
51 Submergence or Backwater D Bigh [J Moderate B Low
Effects
6| Effect of Solids Movement | [JHigh DB Moderate [3 S1ight
7 { Flow Obstruction (O High {3 Moderate $ Slight
8 | Head Loss O High O Medium B Low
9 | Manhole Operation Poor O Fair O Good
10| Power Requirements O High [ Medium DO Low
11| Site Requirements B High O Moderate [J Stlight
12 | Installation Restrictions {(J High B Moderate (J Sliaht
or Limitations
13| Simplicity and Reliability]! O Poor [ Fair BQ Good
14 | Unattended Operation & No Bd Yes
15 ] Maintenance Requirements O High B Medium [OJLow
16 | Adverse Ambient Effects O High D@ Moderate [JSlight
17 | Submersion Proof O No O ves
18 | Ruggedness O Poor O Fair & Good
19} Self Contained O No Bd Yes
20 | Precalibration O No B3 Yes
21 | Ease of Calibration O Poor 0O Fair Good
22 { Maintenance of Calibration] (O Poor B Fair O Good
23 | Adaptability ( Poor [ Fair J Good
241 Cost 8 High [O Medium [JLlow
25 | Portability No 0O Yes
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TABLE 7.

FLOW NOZZLE METER EVALUATION

Evaluation Parameter . Scale
1| Range & Poor [JFair O Good
2 { Accuracy 0 Poor [JFair B4 Good
3| Flow Effects on Accuracy (O High [ Moderate B S1ight
41 Gravity & Pressurized Flow No O Yes
Operation
5| Submergence or Backwater O High O Moderate B Low
Effects
6| Effect of Solids Movement | O High [J Moderate B Siight
7 |'Flow Obstruction O High [J Moderate ®Slight
81 Head Loss OHigh © Medium [3JLow
9 | Manhole Operation ™ Poor O Fair {J Good
10 | Power Requirements O High 0OMedium & Low
11{ Site Requirements Bd High (3 Moderate (O Stight
12 | Installation Restrictions | (O High [Bd Moderate {JStlight
or Limitations
13| Simplicity and Reliability| O Poor (] Fair B Good
14 | Unattended Operation dJ No Bd Yes
15| Maintenance Requirements O High 0O Medium &4 Low
16 | Adverse Ambient Effects O High [ Moderate (] S1ight
17 | Submersion Proof O No O Yes
18 | Ruggedness [ Poor 0O Fair & Good
19| Self Contained O No & Yes
20 | Precalibration O No & Yes
21 | Ease of Calibration O poor [ Fair Bd Good
22 | Maintenance 'of Calibration! [J Poor 0O Fair M Good
23 | Adaptability O Poor 0O Fair O Good
24 | Cost O High B Medium [ Low
25| Portabitlity b4 Xo ] Yes
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Orifice Meters

The orifice meter is one of the oldest flow measuring devices in exist-
ence. Its differential pressure is due to a combination of velocity
head, frictlonal losses, and stream~line bending (acceleration). The
relative contribution is determined by whether pipe taps, vena contracta
taps, or flange taps are used. The thin plate orifice meter is the most
commonly used flow measuring device in pipes. The orifice is a round
hole in a thin flat plate that 1s clamped between a pair of flanges at

a point in the pipe. Although some designs have a rounded edge facing
into the direction of the flow and perhaps a short tube with the same
ingide diameter as the orifice diameter extending downstream, it is
more common to use a sharp %0-degree corner on the upstream edge. The
pressure taps are located upstream and downstream of the orifice plate.
An orifice plate can also be used at the end of a pipe flowing full and
discharging to atmosphere, in which case only a single pressure tap is
required.

Orifice meters work well with clean flulds but are not applicable, ex-
cept in a limited sense, to flowe high in suspended solids due to the
tendency of solids to accumulate upstream of the orifice plate and
thereby change its calibration. There are two designs that will accom-
modate limited amounts of suspended solids. The eccentric orifice
plate has a hole which is bored off-center, usually tangent to the bot-
tom of the flow line. The segmental orifice plate has a2 segment removed
from the lower half of the orifice plate. In addition, there are many
speclal-purpose devices that are really combinations of flow nozzles
and orifice plates. These have arisen due to requirements to minimize
viscosity effects in heavy fluids, etc.

Orifice plates are the most sensitive of all the differential pressure
devices to effects of upstream disturbances, and it is not uncommon to
need 40 to 60 pipe diameters of straight run upstream of the installa-
tion. Orifice plates alse produce the greatest head loss as can be
seen by the comparison curves of Figure 7. Orifice meters can be quite
accurate, with *0.5% or better achievable when calibrated in place.

They are lowest In cost of all the differential pressure producers. Be-
cause of nonlinear flow effects, their usable range is small (on the
order of 5:1) unless rated in place. Orifice meters are evaluated as a
group in Table 8.

Centrifugal Meters

Flow acceleration induced in a fluid going around a bend (such as an
elbow) produces a differential pressure that can be used to indicate
flow. The pressure on the outside of an elbow 1s greater than on the
inside, and pressure taps located mid-way around the bend (i.e., 45 de-
grees from either flange) can be commected to a suitable secondary
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TABLE 8.

ORIFICE METIER EVALUATION

Evaluyation Parameter Scale
1] Range ™ Poor [OFair ] Good
2| Accuracy 3 Poor [ Fair {0 Good
3| Flow Effects on Accuracy O High (3 Moderate ® STight
4| Gravity & Pressurized Flow| & No O Yes
Operation
5] Submergence or Backwater {J High O Moderate B Low
Effects
6| Effect of Solids Movement | ® High [0 Moderate [J Slight
7 [ Flow Obstruction & High [J Moderate [JSlight
8 | Head Loss Bd High [ Medium (] Low
9 | Manhole Operation B Poor (O Fair {J Good
10 | Power Requirements O High O Medium & Low
11| Site Requirements 8@ High (O Moderate {(J STight
12 Installation Restrictions { O High [J Moderate @ S1ight
or Limitations
13 ] Simplicity and Reliability] O Poor O Fair @ Good
14 { Unattended Operation O Mo ™ Yes
i5 1 Maintenance Requirements ® High [0 Medium [ Llow
16 { Adverse Ambient Effects O High & Moderate J Slight
17 | Submersion Proof J No O Yes
18 | Ruggedness O Poor & Fair [JGood
19 | Self Contained O No B¢ Yes
20 | Precalibration (] No 54 Yes
211 Ease of Calibration O poor (O Fair B4 Good
22 | Maintenance of Calibration Poor [J Fair J Good
23 | Adaptability J Poor O Fair (O Good
24 { Cost (dHigh O Medium B Low
25| Portability ] No B Yes
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element for indicating or recording. Cortelyou (14), Taylor and
McPherson (15), and Replogle, et. al. (16) provide fuller discussions
of centrifugal meters. The turbine scroll case and guide vane speed
ring do not appear at all well suited for storm or combined sewer ap-
plications, and so will not be discussed.

The elbow meter may have some application in exlsting pipe systems. It
should nct be considered as & candidate for accurate flow measurement
in new construction, however. It is inexpensive, offers no additional
head loss, can tolerate solids if the pressure taps are flushed (see
venturl discussion), and 1s not especlally subject to calibration
shifts. If calibrated in place, accuracies of about *1 or 2% (or bet-
ter in some cases) may be achieved. More typically, accuracies of 3 to
10% are encountered. Unless calibrated in place, straight pipe runs of
at least 20 pipe dlameters should be provided both upstream and down-
stream of the elbow. The usual rangeability is around 3:1. Elbow me-
ters are evaluated in Table 9.

Impact Tube

In the impact tube, kinetic energy (due to fluid veloclity} is converted
into potential energy {stagnation pressure) and the differential pres-
sure (a8 compared with static pressure in the pipe) is related to flow
velocity at the point of measurement. Figure 8 depicta the two essen-
tial Ingredients and a particular comstruction known as the Prandtl-
Pitot tube. Alternate designs consist of essentially the same two basic
ingredients (impact tube and pressure tube) and differ only In the de-
talls of their construction. H. Pitot's original design (1732) had two
tubes, one of which was bent through 90 degrees at its lower end and
positioned facing into the flow. H., Darcy's design (1852) had each

tube bent through 90 degrees, with one facing upstream (impact) and the
other facing downstream. In addition to the Prantdl design (with its
hemispherical head) which is popular today, especlally in Europe, is the
Brabbe design with a conical head, which is popular in the United States
and United Kingdom. In another design, two parallel small-dlameter
tubes are beveled at their open ends, one pointing upstream (impact)

and one pointing downstream (static).

It must be emphasized that impact tubes measure point veloclty only.
Flow is calculated by multiplying the mean velocity of the fluid by the
area of the pipe cross-section, For pipes flowing full and under pres-
sure it has been determined that the mean velocity of flow is about 83%
of the velocity in the center of the pipe and it occurs at a point ap-
proximately one—-fourth the radius from the wall to the center. Velocity
close to the pipe wall is only about one-half the velocity at the cen-
ter. To avoid upset of such normal veloclty distributions it 1s neces-
sary to have a straight pipe run of some 15 to 50 pipe diameters in
length upstream of the measuring point. Alternately, velocity traverses
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TABLE 9.

ELBOW METER EVALUATION

Evaluation Parameter Scale
1] Range & Poor [ Fair O Good
2| Accuracy O Poor 8 Fair {1 Good
3| Flow Effects on Accuracy O High [ Moderate ™ S1iqht
4| Gravity & Pressurized Flow| & No O Yes
Operation
5! Submergence or Backwater O High [ Moderate B4 Low
Effects
6| Effect of Solids Movement | O High [ Moderate Bd Slight
7 [-Flow Obstruction O High [ Moderate ® S1ight
8 | Head Loss OHigh [OMedium X Low
9 | Manhole Operation ™ Poor [ Fair O Good
10 | Power Requirements O High [OMedium B Low
11| Site Requirements B0 High [J Moderate [J Slight
12 | Installation Restrictions | [J High [0 Moderate B8 Slight
or Limitations
13| Simplicity and Reliability| J Poor (O Fair ™® Good
14 | Unattended Operation | O No M Yes
15| Maintenance Requirements O High [ Medium Low
16 | Adverse Ambient Effects (1 High [ Moderate (] S1ight
17 | Submersion Proof O Ne O Yes
18 | Ruggedness O Poor [J Fair & Good
19| Self Contained O No B Yes
20 | Precalibration & No [0 Yes
21 | Ease of Calibration O Poor B Fair {J Good
22 | Maintenance of Calibration{ O Poor 0O Fair B Good
23| Adaptability O Poor [ Fair (3 Good
24 | Cost O High [OMedium & Low
25| Portability B No [ Yes
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can be run to determine the point of mean velocity. Such an approach
also allows the pitot tube to be used in conduits of noncircular cross-
section and under open chanmel flow conditions.

With very high velocities dynamic instability may occur, and erroneous

readings result from the tube vibrations. However, the chief disadvan-
tage of most pitot tube designs 18 that rather sophisticated secondary

devices are required to accurately determine the pressure differential

which may be quite small at low velocities, e.g., less than 0.3 m/s

(1 fps). This makes continuous flushing secondary devices more diffi-

cult to employ and, to the writers' knowledge, no such attempt has yet

been made.

Therefore, impact tube type devices are generally not satisfactory for
measuring wastes containing appreciable quantities of suspended solids
because of the possibllity of plugging of the small openinga in the
tubea. In view of this, the vulnerability to damage arising from their
intrusive nature, and the difficultles 1n applying them in open chan-
nel flows of varying depths, no further discussion will be given.

Linear Resistance

Linear registance meters use friction losses to create a differential
pressure that can be related to flow rate. The resistance of a long
pipe section may be used, but one or more fine tubes in parallel (cap-
illary tube) or a section of pipe packed with steel wool, granular ma-
terials, or the like (porous plug) are more typlcal. Fleming and
Binder (17), Greef and Hackman (18), and Sovers and Binder (19) discuss
various approaches and designs. Accuracles to 1% of the reading and
ranges of 10:1 may be achieved. There is no pressure recovery. Be-
cause of the impracticality of utilizing such devices for measuring
storm or combined sewer flows, they will not be discussed further.

VARIABLE AREA

Whereas differential pressure flow measuring devices are characterized
by the invariability of the area ratio, in variable area meters the
magnitude of the varying cross-sectlonal area 1s the measure of the
rate of flow. A differential pressure does exist, but it is relatively
constant. Variable area flowmeters may be divided into twe main groups,
valve type (e.g., hinged or sliding gate) and float type (e.g., cone-
and-fleoat). Varilable area devices were invented by E. A, Chameroy, who
patented an instrument constituting a prototype of the rotameter in
1868, and G. F. Deacon, who was gilven a patent for a cone-and-disc
flowmeter in 1875. Sir J. A. Ewing was the first to apply a tapered
glass tube in a liquid rotameter in 1876, and in 1910 K. Kupper intro-
duced inclined slots on the upper rim of the float and first used the
term rotameter for this type of device, because of the rotary motion of
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the float. Discussions of such devices are given by Kehat (20) and
Gilmont and Roccanova (21). Accuracies to %1% of full scale and ranges
to 10:1 may be achieved. However, to maintain accuracy in a rotameter
it is absolutely essentlal that both the tube and the float be kept
clean. Thus, a storm or combined sewer application would be inappro-
priate and, consequently, they will not be discussed further.

HEAD - AREA

Flow measurement devices in this classification are characterilzed by a
simultaneous variation of both flow cross—sectional area and head.
These parameters do not vary indpendently, however, and it is the func-
tion of the primary device to produce a flow that 1s characterized by a
known relationship (usually nonlinear) between a liquid level measure-
ment (head) at some location and the overall discharge. This relation-
ship or head-discharge curve is called the rating for the particular
structure or device. Since these devices Implicitly regquire a free
surface, they are only suitable for open channel flows.

The change in elevation of the free surface is measured by the secondary
device which may also convert stage to discharge automatically. Still-
ing wells are often used, being connected by suitable taps to the loca-
tion in the primary device where knowledge of the flow depth is desired.
The secondary device then monitors the relatively stable surface level
of the fluild in the stilling well., To avold the necessity of frequent
cleaning of the stilling well and to help prevent plugging of the tap,
fresh water 18 frequently trickled into the well at a rate sufficient

to ensure that sewage isn't likely to enter. An overpressure of at
least 0.003 meter (0.01 ft) is usually required to keep the well and tap
clear, but in some cases greater cleaning flows along with frequent
flushing will be necessary.

Slope-Area Method

In this technique, the flow conduit itself serves as the primary device.
Historically, it has been used to obtain instantaneous discharges rather
than continuous records. Some discharge relationship such as the
Manning ' formula is used to relate depth to flow rate. For best results,
a strailght course of channel of at least 61 meters (200 ft) and prefer-
ably up to 305 meters (1000 ft) in length 1s required. It should be
nearly uniform in slope, cross—section, and roughness and free of rap-
ids, abrupt falls (dips), sudden contractions or expansilons, and tribu-
tary inflows.

The Manning formula requires knowledge of the chapnel cross-section and
liquid depth so that the flow cross-section and hydraulic radius can be
calculated. It also requires knowledge of the slope of the water sur-

face (not the conduit invert). This slope may be determined by dividing
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the difference in the water surface elevations at the two ends of the
course, as determined by secondary devices carefully referenced to a
common datum level, by the length of the course. Also required in the
Manping formula is a roughness factor which depends upon the character
of the conduit lining and the depth of flow (i.e., it is not comnstant
for a glven channel). Because the proper selection of the roughness
factor 1s at best an estimate, the discharge determined by the slope-
area method is only an approximation, and it should be used only where
accuracy requirements are low.

All too often, the slope-area method is applied by measuring the flow
depth at a single point and using the slope of the conduit invert in
the Mamning formula. For nonuniform or unsteady flow, the water sur—
face slope will be changing and will certainly not be equal to the
channel slope. The Manning formula was not intended for use under such
conditiona. It dis preferable to perform calibration in place and de-
velop an empirfcal rating curve for each measuring site. The slope-
area method Is evaluated in Table 10.

Welrs

A weir is essentially an overflow structure or dam built across the
flow conduit to measure the rate of flow. ¥For a welr of a given size
and shape with free-flow, steady-state conditions and proper welr-to-
pool relationships, only one depth of liquid can exist in the upstream
pool for a given discharge. Discharge rates are computed by measuring
the vertical distance from the crest of the overflow part of the weir
to the water surface in the pool upstream of the crest and referring to
the rating curve for the particular weir or class of welrs at hand.
Thus, a welr may be thought of as a devlice for shaping the flow of the
liquid in a definite way such as to allow a single depth reading to be
uniquely related to a discharge rate. Welrs may be further categorized
as being either sharp-crested or broad-crested; each will be discussed
in turn.

Sharp-Crested Weirs - When the top edge of the welr 1s thin or beveled
with a sharp upstream corner (similar to a thin plate orifice) so that
the water does not contact any part of the weir structure downstream
but, rather, springs past it, the weir 1s called a sharp-crested weir.
Figure 9 depicts some common welr terms and thelr relationships. As
noted, the minimum height of the weir crest should be at least two, and
preferably three, times the maximum head expected over the wedir. The
contraction of the nappe (overfalling stream) after springing clear of
the sharp crest is termed crest contraction. If the bottom of the ap-—
proach channel is not far enough below the crest of the weir, the crest
contraction i1s partially suppressed, and standard weir tables canmot be
used. The slight drop in the liquid surface which begins upstream from
the welr a distance of at least twice the head on the creat is called
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TABLE 10,

SLOPE-AREA METHOD EVALUATION

Evaluation Parameter Scale
1] Range 3 Poor M Fair 0 6ood
2| Accuracy 6d Poor [J Fair (0 Good
3| Flow Effects on Accuracy ® High {3 Moderate [0 S1ight
4| Gravity & Pressurized Flow| B No O Yes
Operation
51 Submergence or Backwater B High [0 Moderate (O Low
Effects
6| Effect of Solids Movement { (3 High O Moderate B Slight
7 | Flow Obstruction ) High  [J Moderate B Sliaht
8 | Head Loss O High {JMedium DB Low
9 | Manhole Operation DO poor O Fair ™ Good
10 | Power Requirements O High [ Medium B Low
11| Site Requirements O High ® Moderate [JSlight
12| Installation Restrictions | O High [ Moderate B4 S1ight
or Limitations
131 Simplicity and Reliability| O Poor [ Fair & Good
14 | Unattended Operation O No ™ Yes
15 | Maintenance Requirements O High [ Medium B Low
16 | Adverse Ambient Effects O High Bd Moderate [ Slight
17 | Submersion Proof J No O Yes
18 | Ruggedness O Poor [ Fair 54 Good
19 | Self Contained O Neo B ves
20 | Precalibration 54 No 0 Yes
21| Ease of Calibration O Poor B Fair ] Good
22 | Maintenance of Calibration| O Poor [ Fair & Good
23 | Adaptability {J Poor [JFair O Good
24 | Cost B High O Medium {3 Low
25 | Portability ™ No [ Yes
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surface contraction or drawdown. To avoid sensing the effects of draw-
down, the gaging point should be located upstream of the weir crest a
digstance of at leaat three, and preferably four, times the maximumn head
expected over the welr.

When the water level in the downstream channel is sufficiently below
the crest to allow free access to the area beneath the nappe, say at
least 15 cm (6 in.), the flow i1s maid to be free (critical}. When the
water level under the nappe rises above the crest elevation, the filow
may be considered submerged. This may or may not affect the discharge,
and there is some question whether dependable measurements can be ex—
pected in this range. As the water level dowvnstream rises appreciably
over half of the head on the crest, the degree of submergence will ap-
preclably affect the rate of flow., To determine the rate of flow under
such submerged (sub-critical) conditions, both the upstream and down-
stream heads must be measured and reference made to submerged flow ta-
bles. A very good treatment of submerged weirs 1s given by Skogerboe,
et al (22).

Many different geometries have been used for the notch in the weir
plate that shapes the nappe and thereby allows the rating curve to be
developed. Some sharp-~crested weir profiles are depicted in Figure 10.

Rectangular Welrs ~ One of the oldest and most common is the rectangular
welr, which is used in one of two configurations. When the distances
from the sides of the weir notch to the sides of the chamnnel (weir pool)
are preat enough (at least two or three times the head on the crest) to
allow the liquid a free, umconstrained lateral approach to the crest,
the liquid will flow uniformly and relatively slowly toward the weir
sldes. As the flow nears the notch it accelerates, and as it turns to
pass through the opening, it springs free laterally with a resulting
contraction that results in a jet narrower than the welr opening. Under
such conditlons the weir is called a contracted welr. If a rectangular
weir is placed in a channel whose sides also act as the sides of the
welr, there can be no lateral contractions and the welr is called a
suppressed weir. Speclal care must be taken with these weirs tp assure
proper aeration beneath the nappe. This is usually accomplighed by
placing vents on both sides of the weir box under the nappe.

V-Notch Weirs - The trilangular or V-notch sharp-crested welr was devel-
oped to allow accurate measurement of small flows. The angle (2a) most
commonly used 1s 90 degrees. Because a V-notch weir has no crest
length, the head required for a small flow through it is greater than
that required for other common types of welrs. This 1s an advantage
for small diacharges in that the nappe will spring free of the crest,
whereas it might cling to the crest of another type of profile and make
the measurement worthless. The V-notch welr is the best profile for
measuring discharges less than 28 £/s (1 cfs) and is as accurate as any
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other profile for flows up to 283 £/s (10 cfs). Sufficient head for
these higher flow rates may pose a limitation for many sites, however,
and in practice 113 £/s (4 cfs) is often a more reallstic upper bound.

Trapezoidal Weirs - Trapezoldal weirs of varving side angles have been
used to measure liquid flows, but the most common one by far is the
Cipolletti, whose sides incline outwardly at a slope of one horizontal
to four vertical. Although the Cipolletti welr is a contracted weir,
its discharge occurs essentially as though its end contractions were
suppressed; thus the width of the crest can be used for flow calcula-
tions. It offers a wider range than either the rectamgular or V-notch
weir.

Other Weirs - Other weir profiles, as indicated in Figure 10, have been
developed to achleve certain head-discharge relationships or to achieve
some benefit peculiar to a particular type of site. None of these has
been used or investigated as extensively as those discussed above, and
consequently will not be dealt with here. There 1s one class of spe-
cial profiles, however, that at least deserves passing mention. For
sltuations where the normal range of discharges at a site might be
easily handled by a V-notch weir but occasional larger flows would re-—
quire, for example, a rectangular weir, the two profiles have been com-
bined to form what is termed a compound weir, Figure 11.

Such a weir has a disadvantage, however. While flows may be measured
rather accurately when the welr is essentially behaving as a V-notch
weir, Figure lla, or as a rectangular (either suppressed or contracted)
weir, Figure 11b, there will be a transition zone where accurate read-
Ings will be difficult to achieve., When the discharge begins to exceed
the capacity of the V-notch, thin sheets of liquid will begin to pass
over the wide horizontal crests in a less than predictable fashion.
This causes a discontinuity In the discharge curve. The size of the
V-notch and the size of the rectangular notch should be selected so
that discharge measurements in the transition range will be those of
minimum importance.

Discussion - In order to have a satisfactorily-operating sharp-crested
weir, the following general requirements should be considered:

a. The upatream face of the structure should be smooth and
perpendicular to the axis of the channel in both hori-
zontal and vertical directions.

b. The crest should be level, with a sharp right-angled edge
on 1ts upstream face; its thickness (in the direction of
the flow) should not exceed 3 mm (1/8 in.) and should
preferably be between 1 to 2 mm {(0.04 to 0.08 in.).

Knife edges should be avoided as they are too difficult
to maintain,
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c. The height of the crest above the approach channel bottom
should never be less than 0.3m (1 ft); the minimum head
should be at least 0.06m (0.2 ft). TFor a contracted
rectangular weir, the distance from the sides of the
welr to the sides of the approach channel should never
be less than 0.3m (1 ft).

d. The cross-sectional area of the approach channel should
be at least 8 times that of the nappe at the crest for a
distance upstream of 15 to 20 times the height on the
crest. If the welr pool is smaller than this, the veloec-
ity of approach may be too high and the gage readings too
low; necessitating head corrections for velocity of
approach.

e. The comnection between the welr and the channel must be
waterproof; i.e., all flow must pass over the weir, not
around or under it.

In general, the sharp~crested welr is an inexpensive, accurate primary
flow measuring device that i1s fairly easy to install., Laboratory accu-
racies approaching 1% of full scale have been achieved, but 5% is more
typical of most good fleld installations. The operating range of a
sharp-crested weir depends upon its profile, but 20:1 may be considered
typical for many installations. The sharp-crested welr suffers from
several deficiencies when considered for a storm or combined sewer ap-
plication, however. It may well require construction of a weir box to
obtain the proper flow appreocach to the weir. Sufficlent head may not
be available at the desired measuring site, and the head loss will be
at least equal to the head measured. The crest of the weir must be
kept clean. Fibers, stringy materials, and larger particles tend to
cling to the crest and must be removed periodically.

Finally, because of its damming action, the sgharp-crested welr will
suffer from settling and accumulation of suspended solids in the ap-
proach channel behind the upstream face. This will lead to inaccurate
readings. Some weirs have been constructed with a watertight door in
the face on the channel bottom. When the door is opened the flow will
go through this passage and tend to scour away collected sediment.
However, most attempts to use charp-crested welrs in extremely dirty
flows have been less than fully successful. Sharp-crested weirs are
evaluated as a group in Table 11,

Submerged Orifices - The use of thin-~plate orifice meters In pressur-
ized conduit flow has already been discussed. 1In open channel flow, an
orifice operates as a head-area device; in fact, 1f the water level
drops below the top of the opening, it behaves like a weilr and has been
included here for that reason. Basically, it consists of a predeter-
mined, sharp-edged opening in a plate affixed to a wall or other
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TABLE 11,

SHARP-CRESTED WEIR EVALUATION (ALL

PROFILES)
Evaluation Parameter Scale
11 Range (3 Poor B Fair O Good
2| Accuracy [J Poor (& Fair O Good
3| Flow Effects on Accuracy ] High §0 Moderate OJS1ight
4] Gravity & Pressurized Flow| B No O ves
Operation
5] Submergence or Backwater O High & Moderate (J Low
Effects
6| Effect of Solids Movement | ® High [3 Moderate O Slight
7| Flow Obstruction & High [ Moderate O Slight
8 | Head Loss BdHigh O Medium [JLow
9 | Manhole Operation O poor Fair O] Good
10 | Power Requirements O High O Medium & Low
11| Site Requirements {JHigh B Moderate [J S1ight
12| Installation Restrictions | [J High [4 Moderate (O S1ight
or Limitations
13| Simplicity and Reliability| O Poor (O3 Fair 8d1Good
14 | Unattended Operation O No B Yes
15 | Maintenance Requirements B High [ Hedium [Jlow
16 | Adverse Ambient Effects (3 High B Moderate []Slight
17 | Submersion Proof D No FlYes
18 | Ruggedness O Poor [ Fair M Good
19} Self Contained J No 5 Yes
20 | Precalibration 3 Xo Yes
21 | Ease of Calibration B8 Poor [ Fair & Good
22 | Maintenance of Calibration| ™ Poor [ Fair O Good
23 | Adaptability 0O Poor 0 Fair O Good
24 | Cost O High O Medium B Low
25 | Portability [ Ne ™® Yes
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structure and through which flow may occur. Although any shape hole
can be used, the most common are either circular or rectangular. EKnow-
ledge of the size and shape of the hole, the head acting on it, and the
discharge conditlon (i.e., freely into air or under water) allows de-
termination of the flow rate. Early orifices oftem discharged freely
into air, but were practically abandoned as weirs become more common
(and more extensively studied) because of the considerable head loss
necegglitated by their use.

The fall requirement is reduced 1f the orifice is lowered in the struc-
ture and discharges in the submerged condition. The submerged orifice
is used where the head loss of a2 weir cannot be tolerated and a flume
cannot be justified because of cost or some special conditions. Like
the weir, a2 submerged orifice may be either contracted or suppressed,
Suppression may occur on part {e.g., the bottom of a rectangular orifice
fiush with the channel flow) or all of the perimeter.

In selecting a channel site for use of a submerged orifice meter the
distance from the edges of the orifice to the bounding surfaces of the
channel, both on the upstream and downstream sides, should be greater
than twice the least dimension of the orifice if contraction is to be
assured. Also, the cross-sectional area of the water prism 6 to 9 m
(20 to 30 ft) upstream from the orifice should be at least 8 times the
crosg-sectional area of the orifice. Velocity of approach to the ori-
fice sghould be negligible, or correction must be made for velocity head.

An orifice ghould not be used in situations where weeds and trash are
prevalent, as accumulation of submerged debris or of sand and sediment
upstream may prevent accurate measurements. A clogged condition of an
orifice 18 less visible than that of a welr and, so, may go undetected.
Because of these factors and the small data base as compared to welrs
and flumes, an orifice is not generally recommended for measurement of
stormwater or combined sewage, even though its limited range of flow
can be increagsed with the use of a metergate, which baslcally 18 a
modified submerged orilfice arranged so that the orifice is adjustable
in cross-sectional area. Consequently, no further discussion or evalu-
ation will be given.

Broad-Crested Weirs -~ If the welr notch is mounted in a wall too thick
for the water to spring past, the welr is called broad-crested. A wide
variety of shapes can be included under broad~-crested weilrs, and a wide
variety of discharge coefficlents will be encountered. A few such
shapes are depileted In Figure 12. Broad-crested welrs, in practice,
are usually pre-existing structures, such as dams, levees, diversion
structures, etc. Discharge coefficlents and discharge tables are usu~
ally obtained by calibrating the welr in place or by model studies,
Broad-crested weirs are sometimes used where the sharp-crested weir
causes undue maintenance problems. For example, problems with impact,
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abrasion, silting, etc. might indicate the need for a broad-crested
weir. Broad-crested welrs are usually made of concrete or similar ma-
terlal and are not considered portable. In actuality, the notlon of a
broad-crested weir, which simply denotes a channel contraction made by
a 811l on the channel bottom, merges into that of a critical-depth
flume. When properly designed and comstructed, the broad-crested weir
is governed by the same baslc flow equations. Broad-crested welrs are
evaluated in Table 12,

Flumes

Although the term "broad-crested weir" is widely used to denote a chan-
nel constriction made by some sort of a sill on the channel bottom,
other open channel constrictions, generally called flumes, have been
used to measure discharges since the beginning of the century. Most
flumes in common use today cdn be traced to one of three early design
sources: rectangular English flumes based upon early work in India
around 1908-1914 and the writings of F. V. A. E. Engal (23); the
Parshall flume whose forerunner, a venturl flume developed by Cone (24),
was extensively modified and tested by Parshall (25, 26); and flumes of
the type first developed by Palmer and Bowlus (27).

Flumes can be categorized as belonging to one of three general families
depending upon the state of flow induced - subcritilcal, critical, or
supercritical. By definition the critical flow state is that for which
the- Froude number is unlty. This is the state of flow at which the spe-
cific energy is minimum for a given discharge. When critical depth
occurs in a chammel (elther at a comstriction or in a regular cross—
section), one head measurement can indicate discharge rate if it is

made far enough upstream so that the flow depth is not affected by the
drawdown of the water surface as 1t heads to achleve the critical state
of flow.

Kilpatrick (28) identifies six approaches employed in various flume de-
slgns, and these will be briefly treated below following his discussion.

Type I, tranquil-flow, small-width reduction flumes are typical of the
earliest measuring flumes and are depicted in Figure 13. Suberitical
flow enters the flume, and the side contractions reduce the width, re-
sulting in an increase in unit discharge. Because there is no change
in bed elevation, and minor energy loss, the specific emergy in the
throat is about the same as in the approach. With constant specific
energy, the effect of a small width contraction is a lowering of the
water surface in the throat but, owing to the small degree of contrac-
tion, critical depth 1s not accomplished. It is necessary in this type
of flume to measure the head in both the approach section and in the
throat,
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TABLE 12.

BROAD-CRESTED WEIR EVALUATION

Evaluation Parameter Scale

1| Range O Poor B Fair O Good

2| Accuracy (0 Poor @ Fair 1 Good

3] Flow Effects on Accuracy [0 High {3 Moderate B4 STight
4| Gravity & Pressurized Flow| ™ No O Yes

Operation
5| Submergence or Backwater ® High O Moderate (O Low
Effects

6| Effect of SoTids Movement { & High [J Moderate (OJ Slight
7| Flow Obstruction [0 High B Moderate [JSlight
8| Head Loss [JHigh B4 Medium [JLow

9 | Manhole Operation O pPoor O Fair ® Good
10 | Power Requirements O High O Medium DB Low
11| Site Requirements O High ©® Moderate (O S1ight
12 | Installation Restrictions | [0 High [ Moderate 0] Slight
. or Limitations
13| Simplicity and Reliability| J Poor [ Fair B4 Good
14 | Unattended Operation O No B Yes
15 { Haintenance Requirements 3 High O HMedium DB Low
16 | Adverse Ambient Effects J High B@ Moderate {JSlight
17 | Submersion Proof O No (] Yes
18 | Ruggedness O Poor [ Fair & Good
19| Self Contained O No Yes
20 | Precalibration B9 No {3 Yes
21 | Ease of Calibration O Poor & Fair [J Good
22 | Maintenance of Calibration] O] Poor B Fair O Good
23 | Adaptability O Poor [ Fair ] Good
241 Cost O High [ Medium B Low
251 Portability & No O Yes
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